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PREFACE

This report was prepared by the Fort Worth operation of
Convair Aerospace Division, General Dynamics Corporation, under

Contract No. NAS8-18024, Evaluation of Cryogenic Insulation

Materials and Composites for Use in Nuclear Ridiation Environ-

ments, for the George C. Marshall Space Flight Center of the
National Aeronautics and Space Administration. The work was
administered under the technical direction of the Propulsion
and Vehicle Engineering Division, Engineering Materials Branch
of the George C. Marshall Space Flight Center, with Dr. R. L.

Gause acting as project manager.
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COMPOSITE MATERIALS TEST
FZK-385

By

. BULLOCK
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FORBACRD

The radiation effects test described in this report is a
part of technology studies conducted at the Nuclear Aerospace
Research Facility in support of nuclear rocket vehicle develop-
ment. The material specimens were irradiated during a test con-
ducted for NASA/SNSO-C in order to take advantage of the higher
exposure levels than would be available in the irradiations
made under Contract NAS8-18024. This test, designated GTR-20C,
was a 6000-MWh irradiation of NERVA materials and components.

In addition to the composite materials, two pressure transducers
were also irradiated for NASA/MSFC during GTR-20C; results of
that test are given in report FZK-372.

The tested composites are research materials and are not
readily available; therefore, the authors wish to express their
appreciation to the following persons for making them available:
Mr. E. C. McKannon of NASA/MSFC for the boron-aluminum tension
specimens; Mr. W. G. Scheck of Convair San Diego for the graphite-
epoxy tension specimens; and Mr. R. L. Van Auken of the Whittaker

Corp. for the fiber-glass reinforced polyquinoxaline.



I. INTRODUCTION

Composite materials are being developed to perform special

functions in aerospace vehicles. The special properties of these

materials are achieved by careful selection and fabrication of
the constituents to take advantage of particularly desirable
features of each. A test has been performed to evaluate the
effects of reactor radiation on three such materials — a boron-
aluminum composite, a graphite-epoxy composite, and fiber-glass
reinforced polyquinoxaline. Tension specimens of the boron-
aluminum and graphite-epoxy and gaskets of the polyquinoxaline
were irradiated during a 600-h run with the Ground Test Reactor
(GTR) operating at a power level of 10 MW,

This work was conducted at the Nuclear Aerospace Research
Facility (NARF) operated by the Fort Worth operation of the
Convair Aerospace Division of General Dynamics for the George C.
Marshall Space Flight Center of the National Aeronautics and
Space Administration under Contract NAS8-18024., Under Contract
NAS8-18024, the Fort Worth operation has performed numerous
radiation effects experiments on organic materials and thermal
insulations as a part of the technology program supporting the

development of a nuclear rocket vehicle.



IT. DESCRIPTION OF TEST

2.1 Test Specimens

Three types of composite materials were tested in the ex~
periment described herein: (1) graphite-epoxy, (2) boron-
aluminum, and (3) fiber-glass reinforced polyquinoxaline, both
plain and Kapton covered. Specimens of these composites were
wired to perforated aluminum sheets (7 in. x 9 in.) to make up
the four irradiation panels shown in Figure 1.

2.1.1 Graphite-Epoxy Composite

Ten graphite-epoxy tension specimens (6 in. X 0.5 in. X
0.06 in.) were supplied, at the request of Dr, R. L. Gause of
NASA/MSFC, by Mr. W. G. Scheck, Convair Aerospace Division of
General Dynamics, San Diego operation. Four of these specimens
were retained as unirradiated controls and three each were
attached to panels 2 and 4 (Fig. 1).

2.1.2 Boron-Aluminum Composite

Twelve boron-aluminum tension specimens (4 in. x 0.5 in. X
0.02 in.) from two different sources were irradiated. SiXx
specimens (1-6), all apparently identical, were provided by
Mr, E. C. McKannan of NASA/MSFC; these were all irradiated on

panel 1 (Fig. 1). Six (7-12) were provided by Mr. W. G. Scheck
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at the request of Dr. R. L. Gause; two each of these from three
different batches of materials were irradiated on test panels
1, 2, and 4 (Fig. 1).

2.1.3 Reinforced Polyquinoxaline

Sixteen fiber-glass reinforced polyquinoxaline gaskets were
supplied by Mr. R, L. Van Auken of Whittaker Corporation at the
request of Dr. Gause. Half of these were covered with a Kapton
film and half were plain. The Kapton-covered gaskets are shown
on panel 3 of Figure 1. This panel is doubled like a closed
book; it is shown unfolded in Figure 2 after having been irra-
diated. The plain gaskets are on the left and the Kapton-covere
gaskets are on the right.

2.2 lrradiation of Specimens

The four test panels of composite materials described above
were irradiated with the Ground Test Reactor (GTR) during a
6000-MWh reactor run from 21 May-19 June 1970. The reactor was
operated at its full power of 10 MW for 600 h. All four of the
test panels were irradiated in air at the west test position.
These test panels were located along the west centerline of the
reactor core at various distances from the reactor closet (Fig.
Locations of the various test panels and radiation exposure
doses at these positions are listed in Table 1. Subsequent to

the photograph of Figure 3, the test panels were all wrapped in

d

3).
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heavy aluminum foil to minimize radioactive contamination of

the specimens during irradiation.

Prior to the 6000-MWh irradiation, a short, low-power mapping

irradiation was made for the purpose of measuring neutron fluxes

and gamma dose rates.

Data from the neutron detecting foils

and cobalt glass gamma dosimeters in conjunction with neutron

measurements made during the 6000-MWh irradiation were used to

determine the radiation exposures.

Tabl

e 1

RADIATION DOSES AT TEST PANEL POSITIONS

Test Distance From | Fast-Neutron Gamma Dose@ Thermal-
Panel Reactor Fluence (ergs/g(C)) Neutron
Closet (n/cm?) Fluence
(in.) E >1 MeV (n/cm?)

E<0.48 eV

1 12 75 x 10%7 1.0 x 10%2 | 3.0 x 1016

2 23 4.2 x 1007 58 x 1011 | 3.4 x 1016

3 28 3.3 x 1017 4.5 x 1011 | 3.3 x 1016

A 37% 2.9 x 1017 2.7 x 1011 3.2 x 1016

4Gamma doses for the 6000-MWh run were calculated by taking the
ratios of gamma dose to fast-neutron fluence determined from

the mapping irradiation and multiplying these by the measured
fast-neutron fluences of column 3.



2.3 Radiation Dosimetry

The fast- and thermal-neutron fluences given in Table 1
were measured during the 6000-MwWh reactor run by standard
activation techniques. The fast-neutron fluence above 1 MeV
was measured with 2- mil nickel foils; the (n,p) reaction with
Nio8 produces Co8 which has a half-life of 71 days. Thermal-
neutron fluences were determined by exposing pairs of 100-mil
phosphorous disks, one bare and one covered with a 20-mil thick-
ness of cadmium. The cadmium-difference activity of the P32
resulting from the (n,?) reaction (T% = 14.3 d) is used to
compute the fluence of neutrons below the cadmium cutoff energy
of 0.48 eV.

Because gamma dosimeters suitable for measuring the doses
to which the composite specimens were exposed are not avail-
able, the gamma doses in Table 1were obtained by use of a
measured gamma-to-neutron ratio. This ratio was measured during
the low-dose mapping irradiation and then applied to the fast-
neutron fluence of Table 1. This procedure assumes constancy

of the gamma-to-neutron ratio in both runs.

2.4 Mechanical Testing of Specimens

2.4.1 Tension Testing

The graphite-epoxy and boron-aluminum tension specimens

were mechanically tested at room temperature in the Process

10



IITI, TEST RESULTS

3.1 Graphite-Epoxy Specimens

Individual and average tensile strengths of unirradiated
control specimens and of specimens irradiated on test panels
2 and 4 (Table 1) are listed in Table 2. These specimens were
irradiated at ambient air temperature (<1200F) and were mechani-
cally tested at room temperature. The average tensile strength
of the unirradiated controls was 115 ksi, while the irradiated
specimens on panels 2 and 4 had average strengths of 111 and 110
ksi, respectively. Thus, no effects of radiation were observed

on tensile strengths of graphite-epoxy composites.

Table 2

TENSILE STRENGTHS OF GRAPHITE-EPOXY SPECIMENS

Tensile Strength (ksi)
Controls Panel 2 Panel 4
117 112 116
114 103 114
111 120 101
119 111 110

115

4



Control Laboratory by utilizing a self-aligning test fixture
which gives consistent results for such specimens. All speci-
mens were loaded to failure in an Instron machine at a pull rate
of 0.05 in./min. Ultimate tensile strengths (in psi) for these
specimens were calculated by dividing the failure loads (Ib)

by the uniform cross-sectional areas (in.z) of the specimens.

2.4.2 Compression Testing

The fiber-glass reinforced polyquinoxaline gasket specimens
were tested at room temperature in the Irradiated Materials
Laboratory during April 1971. Two types of compression tests
were made on these circular samples. The first consisted of
loading the samples between the compression pads of the 20,000-
1b Instron tester. After a 15,000-Ib load was applied the
resulting thickness of the sample was measured. The thickness
was again measured one hour after the load was removed.

The second test was a load deflection test performed by
use of a special fixture (Fig. 4) loaned by Whittaker Corp.

This test fixture was used with the 20,000-1b Instron. A linear
variable differential transformer (LVDT) was used as the sensing
element to determine the compression-vs-load characteristics.
The LVDT output which represents the compression resulting

from a load on the jig was recorded as the y coordinate on an

x-y plotter and the corresponding load was recorded on the

11
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X coordinate. A block diagram of the excitation and read-out

apparatus is shown below:

Modulator/ Load

LVDT Demodulator _ Cell

Y X
X-Y
Plotter

Displacement was calibrated over the usage range of the
LVDT by means of a micrometer caliper graduated in 0.0001 in.
The ordinate of the x-y plotter was set to full scale for 0.005~
in. displacement of LVDT. The abscissa of the x-y plotter was
set to full scale for 5000-1b load as detected by the load cell.

The gasket material was initially loaded to 800 1b and the
LVDT was set to zero at that point. The load was alternately
applied and removed ten times for each specimen. The first,

second, and tenth cycles were recorded on the x-y plotter.

13



3.2 Boron-Aluminum Specimens

Individual and average tensile strengths of controls and
of irradiated specimens are given in Table 3. The three pairs
of B-Al specimens supplied by Convair Aerospace Division of
General Dynamics, San Diego operation, were from three different
batches of material, designated 397 L2, 399 L2, and 402 L2, but
all of the specimens were 55% boron filament by volume. There
was very little difference in strength from batch to batch,
and there was little difference between controls and irradiated
specimens. The six irradiated specimens had an average tensile
strength of 145 ksi, while the average control strength was
149 ksi. The average tensile strength of the B-Al specimens
provided by NASA/MSFC was 124 ksi. No control values were given,
but this strength seems reasonable since these specimens were
only 45% boron by volume.

3.3 Reinforced Polyquinoxaline

Individual thickness measurements for the polyquinoxaline
specimens compressed under 15,000-1b load are given in Table 4.
Table 5 contains the deflection data for the cyclic loading
along with the original and final thicknesses. Although there
are some indications in this data of radiation effects, the

changes in compression properties due to radiation are slight.

15



Table 3

TENSILE STRENGTHS OF BORON-ALUMINUM SPECIMENS

Panel Batch Tensile Str nqth (ksi)
Number Number Controls @ Irradiated
131 165
170 130
1 39712 171 148
153
156
175 140
2 4021.2 169 141
128 141
123
149
154 148
4 39912 140 146
129 147
147
143
129
122
123
1 NASA/ - 94
MSFC 130
143
124

a

= These control strengths were supplied by
W. G. Scheck in a telephone conversation
of 13 August 1970.

Mr.
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Because of the rather small changes and the limited number of
specimens tested, the effects cannot be said to be statistically
significant. The observations cited below confirm, however,
that the integrity of the materials were adversely affected at
the exposure levels involved.

One sample of each of the two materials was torn apart.

The irradiated Kapton covered gasket (PI-13) seemed to delaminate
more easily than the control gasket and the Kapton film could

be removed much more readily. The irradiated gaskets were also
less flexible than the control. The Kapton film removed from
the irradiated gasket was very weak and could be torn about as
easily as an equal thickness of paper. The film from the un-
irradiated gasket was very tough and could be torn only with
great difficulty.

The irradiated plain gasket (PQ-1) delaminated much more
easily than the control and the laminate material flaked easily.
This could account for the observation that irradiated gaskets
appeared to be more flexible than the control gasket. The

unirradiated laminate material would tear but not flake,
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Part 11

TEST OF LIQUID-LEVEL SENSORS
AND ZISSIONCOUPLES
FZK-386

By
W. D. McMILLAN
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SUMMARY

An irradiation test has been performed on level sensors
suitable for use in gaging the height of liquid hydrogen in a
propellant tank. A continuous capacitance probe 40 in. long
and several each of point sensors of capacitance, thermal, and
magnetostrictive types were irradiated in a liquid hydrogen
dewar and evaluated for accuracy of measurement both during
and between irradiation cycles. The Ground Test Reactor was
operated at several power levels up to 5 MW, to investigate
radiation rate effects, and for a sufficient time to expose
the sensors to a radiation dose exceeding that predicted €or
ten missions of the Reusable Nuclear Shuttle. The irradiation
was conducted in five cycles with the dewar being allowed to
warm to about 559F after each irradiation. Data were obtained
by varying the liquid hydrogen level and observing the output
and/or resistance of the sensors. Dielectric properties of
'‘the capacitive sensors were also measured.

The continuous capacitance probe began showing a radia-
tion rate effect at a 1-MW power level (~3 X 107 ergs/gm
(C)~h) due to an apparent increase in capacitance. The magni-
tude of this effect depended upon the length of probe exposed
to gaseous hydrogen as well as the radiation rate. At 5 Mw,
the probe indicated a level of 35 in. when the actual level
was 24 in. No permanent radiation effect was observed.

Thermal point sensors having resistance elements of gold-
plated platinum wire and nickel-iron wire were essentially un-
affected by the irradiation, Some problems were encounted
with unirradiation control units, however, The thermal point
sensor having a germanium element indicated a change in re-
sistance with prolonged irradiation. Significant temporary
radiation effects were observed during the cycles imparting
the highest total neutron exposure, This effect became signi-
ficant at a neutron fluence of about 2 x 10% n/cm? (E > 1
MeV).

The magnetostrictive point sensors performed satisfac-
torily throughout the test.

The capacitance point sensors exhibited rate effects
similar to those of the continuous probe. It was observed
that sensors in the hydrogen gas would intermittently indicate
liquid.
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Fission thermopile assemblies consisting of ten uranium
and ten bismuth beads were included in this test. However,
all units failed by open circuit during the initial thermal
cycling and no further information was obtained.
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I. INTRODUCTION

An irradiation test has been performed for the purpose of
evaluating liquid-level sensors for potential use on a nuclear
powered vehicle. The sensors were irradiated in liquid hydro-
gen and thermal cycled after each of five irradiation steps at
power levels up to 5 MW with the Ground Test Reactor. Data
were taken during irradiation to evaluate rate effects and
after each irradiation step to determine permanent damage
effects. Eighteen point sensors of thermal, capacitance, and
magnetostrictive types and one 40-in. long continuous capaci-
tance probe were tested.

This work was conducted at the Nuclear Aerospace Research
Facility (NARF) operated by the Fort Worth operation of the
Convair Aerospace Division of General Dynamics for the George
C. Marshall Space Flight Center of the National Aeronautics
and Space Administration under Contract NAS8-18024. Under
Contract NAS8-18024, Fort Worth operation has performed
numerous radiation effects experiments on organic materials
and thermal insulations as a part of the technology program
supporting the development of the Nuclear Rocket Vehicle.
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II. DESCRIPTION OF TEST

2.1 Test Articles

2.1.1 Liquid-Level Sensors

Three types of level sensors - thermal, capacitive, and
magnetostrictive = suitable for use in liquid hydrogen were
evaluated. The thermal and magnetostrictive devices were dis-
crete (point) sensors and the capacitance sensors were of both
point and continuous types. Table 1 identifies the sensors
which are described by type below.

Table 1
LIQUID-LEVEL SENSORS
Type Manufacturer Model No. |Juantity
Thermal (point) | Acoustica Associates STS 505 6
Thermal (point) United Control Corp. 2641 3
Thermal (point) Scientific Instruments 3 3

Magnetostrictive
(point) Conrac Corp. UP1004S-5 3

Capacitance
(point) Transonics L4447 3

Capacitance
(continuous) Transonics 116945 1

Thermal (point) - a discrete liquid-level sensor that
consists of some type of resistance element whose resistance
undergoes a step change when the cryogenic medium is changed
from liquid to gas. The sensors were fabricated by three
manufacturers and employ different resistance elements = gold- °
plated platinum wire, nickel-iron wire, and p-type germanium,

Capacitance (continuous) - a continuous liquid-level sen-
sor that consists of concentric cylinders forming an air gap
capacitor. Operation of the system is based upon detecting
the difference in capacitance obtained when the sensor is grad-

ually transferred from a 1iQuid (high dielectric _constant) en-
vironment to a gas (low dieJdectric constant) environment.
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Capacitance (point) - a discrete liquid-level sensor that
operates on the same principle as the continuous capacitance
senspr. The sensors consist of four coplaner concentric rings.
An off/on signal is provided by associated circuitry when the
capacitance changes due to the presence or absence of liquid
between the rings.

Magnetostrictive (point) - a discrete liquid-level sensor
using the principle of damped oscillation. Signal levels are
so adjusted as to maintain oscillation in the nickel rod only
when the probe (sensor) tip is exposed to a compressible fluid
such as gaseous hydrogen. As soon as the probe tip encounters
a non-compressible fluid such as liquid hydrogen, the vibra-
tion is damped so that oscillation stops.

2.1.2 Fissioncouples

The fission thermopile assemblies (Phillips Petroleum Co,)
consist of ten uranium beads and ten bismuth beads, each 0.03
in. in diameter. The uranium beads enriched to 93% U235 con-
tain a total of approximately 0.15 g of uranium and 10% by
weight of molybdenum. Each uranium and bismuth bead has a
chromel-constantan thermocouple attached, and the thermo-
couples are connected in series. The beads, potted in Al203,
are enclosed in an aluminum tube about 2 in. in length and
0.25 in. in outer diameter, The four units were potted in
polyurethane cylinders having thicknesses of between 150 and
450 mils,

The fission thermopile assemblies failed (open circuit)
during the initial thermal cycling of the test dewar. Post-
irradiation measurements at room temperature also indicated
open circuits within the assemblies. No further information
was obtained on the fissioncouples,

2.2 Test Conditions

The level sensors were mounted in a liquid hydrogen dewar
and irradiated during five cycles at several reactor power
levels. The level of hydrogen in the dewar was varied from
time to time throughout the test in order to check the opera-
ti-on of the continuous probe and to change the point sensors
from the liquid to gaseous environment. After each irradia-
tion step the dewar was allowed to boil dry of liquid and warm
to about 55°F.
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The reactor power level was varied between 0.01 and 5 MW
in order to determine if radiation rate effects significantly
altered the sensor outputs. The total radiation exposure
level was selected to exceed that predicted for ten missions
of a Reusable Nuclear Shuttle powered by a 1500-MWw NERVA

Initial checkout of the sensors was in liquid nitrogen
(2 cycles). In addition to the five irradiation cycles, the
sensors were thermally cycled in liquid hydrogen three times
prior to irradiation and twice after completion of the irradia-
tion.

2.3 Measurements

Data were obtained before the irradiation and during and
following each irradiation cycle. Data were obtained both
with and without the radiation field by observing the outputs
when the sensors were in liquid and in gaseous hydrogen. The
level indication for the point sensors was obtained by shut-
ting off the liquid supply and allowing the level to drop be-
low the sensors' positions. The level indication of the con-
tinuous probe was compared to that of the point sensors during
the boil-off period.

In addition to the liquid and gas phase signal outputs,
these measurements were made:

Resistance of the germanium sensor (Scientific
Instruments) during each boil-off cycle

. Capacitance, dissipation factor, and conductivity
over the frequency range of 1to 10 kHz for the
capacitance sensors

Insulation resistance of the sensors

2.4 Dosimetry

The neutron fluxes incident on the liquid-level sensors
were measured with sulfur foils., Sulfur foils were located
adjacent to the individual sensors at the three levels in the
hydrogen dewar. These foils were removed after completion of
the irradiation, and their induced radiocactivities were
measured, The neutron fluxes (E>2.9 MeV) were then calcula-
ted. The neutron fluxes (E >1 MeV) were calculated by appli-
cation of the GIR spectral factor:

(E>1 MeV) _
(E>2.9 Mevy ~ 2°8%
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The ggmma doses received by the liquid-level sensors
during the irradiation were not measured. These doses were
calculated by multiplying the neutron fluences by previously
determined gamma-to-neutron ratios,
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ITI. EQUIPMENT AND PROCEDURES

3.1 Reactor Facility

The irradiation was performed with the 10-Mw Ground Test
Reactor (GTR), The below-grade tank for this water-moderated
thermal reactor has a closet-like structure built into its
north wall. The test assemblies are placed in the irradiation
cell adjacent to the three faces (designated north, east, and
west) of the closet into which the reactor is moved when an
irradiation is carried out. The outer faces of the closet are
plated with a 20-mil thickness of cadmium to attenuate thermal
neutrons.

The test assemblies are lowered into their irradiation
positions by means of an overhead crane. Lines and cables are
routed over the north wall of the irradiation cell from the
control room or the grade-level ramp as required. The cryogen
manifold incorporating the control valves and purge fixtures
was located on the north ramp. Liquid hydrogen was supplied
to the manifold from a transport trailer.

3.2 Test Assembly

The test articles were irradiated in a cylindrical,
vacuum-jacketed dewar approximately 51 in. in height and
22 in. in outer diameter, The dewar had a capacity of about
60 gal, The size of the dewar was such that it would contain
the continuous liquid-level probe (40 in, in length) and point
sensors located at three levels. This allowed one set of
sensors to be positioned above the liquid level, One set was
placed near the bottom of the dewar and the third set was near
the center of the dewar on the centerline of the reactor core,
The arrangement within the dewar is illustrated in Figure 1.
Figures 2 and 3 are views of the probe assembly and point
sensors as mounted on the irradiation fixture. Figure 4 shows
the dewar assembly during an LH9 cycle prior to installation
in the irradiation cell,

The dewar lid contained penetrations for hydrogen fill
and exhaust- lines, electrical feed-through connectors, and
safety items. The sensor support bracket was also attached
to the lid.

A liquid-level system was used to continuously monitor
and control the liquid level in the dewar. A probe consisting
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of five resistors (plus a reference resistor) and five thermo-
couples mounted in the dewar (Figs. 1 and 2) was used in con-
junction with an indicator panel and a Bristol control unit.

3.3 Measurement Equipment

Instruments used in data taking were a Dymec 2010-D
digital data-acquisition system, a General Radio 1615-A
capacitance bridge, a Hewlett-Packard 4329A resistance meter,
a Space Craft, Inc. digital capacitance measuring system and
a digital to analog converter, and the necessary strip-chart
recorders and display indicators. A block diagram of the data
system is shown in Figure 5,

3.4 lIrradiation Procedure

Following two thermal cycles on the ramp, the test as-
sembly was positioned in the irradiation cell and a third LH»
fill and leak check was completed. This checkout was accom-
plished without incident, except, as noted earlier, for the
failure of the fissioncouples.

The irradiation cycles were scheduled for and completed
on five consecutive days. Data were taken after each irradia-
tion step and the sensors were then allowed to warm to ambient
temperature before the next LHy fill. The dewar was main-
tained inerted with helium at all times between the LH2 cycles.

Table 2 gives the irradiation schedule. Table 2 does not
include several short duration runs at lower power levels which
were made in order to obtain rate effects data on the liquid-
level sensor. These lower-power runs have been included in the
computation of the megawatt hours of Table 2 and the radiation
exposures given in Table 3,

Table 2
IRRADIATION SCHEDULE
Energy Cumulative
Cycle Power Level Release Energy Release
(MW) (MWh) (MWh)
1 0.1 0.05 0.05
2 1.0 1.56 1.61
3 1.0 4,6 5.2
4 3.0 13.1 19.3
5 5.0 29.3 48.6
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DOSIMETRY DATA

Table 3

Neutron Fluence

Sensor E > 1 MeV. Gamma Dose
(n/cm?) | (n/cm?-MWh) | (erg/g(C) ) | (erg/g(c) -Mwh)|
Continuous
Capacitance:
Max. | 1.74(15)| 3.59(13) 2.8(9) 5.8(7)
Min, | 3.24(14)| 6.67(12) 5.2(8) 1.1(7)
Upper
Group 1.21 (15)| 2.48(13) 1.9(9) 3.9(7)
Center
Group 1.69(15)| 3.48(13) 2.8(9) 5.8(7)
Lower
Group 2.68 (14) 5.51 (12) 4.,2(8) 8.6(6)
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3.5 Test Procedure

Preirradiation calibrations and operational checks were
made on each sensor and the liquid-level system as necessary
to determine that it opereted properly and to obtain baseline
data. Data for the point sensors were obtained by filling the
dewar with LH2 to a level slightly above the sensor and then
allowing the liquid to boil off until the sensor was in the
vapor above the liquid. The level indicated by the continuous
probe was compared with that indicated by the point sensors as
they emerged from the liquid.

Data were taken periodically and/or continuously during
the irradiation and periodically between irradiation cycles.
A fill and boil-off cycle was conducted during and after each
irradiation to obtain data on the indication of level change
as the sensors emerged from the liquid, or as the length of
sensor in liquid changed in the case of the probe.

The postirradiation procedure was similar to the preirra-
diation procedure. Two fill and boil-off cycles with LHp
were conducted. The sensors were then removed from the test
assembly and visually examined.
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IV. RESULTS AND DISCUSSION

4.1 Continuous Capacitance Sensor

The continuous capacitance sensor and its associated
electronics (the digital system and digital to analog conver-
ter) functioned throughout the irradiation test but erroneous
outputs were observed due to radiation rate effects. The
electronics portion of this liquid-level system was not irra-
diated.

The results will be discussed in subsections relating to
irradiation cycles. An irradiation cycle consisted of a basic
reactor run (Table 2) and shorter runs at lower reactor power
levels to test for radiation rate effects. The effects will
be discussed in terms Of megawatts of reactor power. Gamm
dose rates and neutron fluences can be obtained from the infor-
mation in Tables 2 and 3.

4.1,1 Irradiation Cycle 1

Cycle 1 consisted of a basic reactor run at 0.1 MW pre-
ceded by a short run (4 minutes) at 0.01 Mw.

No radiation effects were observed during or after this
test cycle. The irradiation portion of this cycle was con-
ducted with the sensor completely immersed in LH,.

4.1.2 Irradiation Cycle 2

Cycle 2 consisted of a basic reactor run at 1.0 MW pre-
ceded by short runs at 0.01 and 0.1 MW.

No radiation effects were observed during the 0.01 and
0.1 runs. A small effect was observed when the power level
was increased to 1.0 MW, The fine voltage output of the
liquid-level electronics gave an erroneous liquid level in-
crease of about 1 inch and then leveled out. The sensor was
almost totally immersed in LH, for this portion of the cycle.

During the 1Mw irradiation the LHy, was allowed to boil
off to reduce the level about 6 inches while the fine and
coarse voltage outputs were recorded and monitored. The sen-
sor and electronics responded as designed to the liquid level
change, though the absolute value of the level was in error
by the initial offset.
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When the reactor was rapidly shutdown (scrammed) at the
end of the run, a pronounced effect was observed. The fine
voltage output went into rapid oscillation for about 15 seconds
and the coarse voltage output took a step function decrease in
voltage of about 10 mV indicating an erroneous immediate de-
crease in liquid level of about 10 inches. This effect was
transient and the postirradiation boil-off and fill cycle data
indicated no permanent radiation effect. The results of this
*irradiation cycle showed that the transient radiation effect
was more pronounced if the sensor was appreciably out of
liquid.

4.1.3 Irradiation Cycle 3

Cycle 3 consisted of three reactor runs at 1MW, two at
0.1 MW, and one at 0.01 Mw.

A small perturbation of the fine and coarse voltage out-
puts was observed as the reactor, operating at 0.01 MW, was
traversed into the irradiation position. The perturbation was
temporary, about one minute, and consisted of what appeared to
be 25 mV of noise on the fine output signal, and 5 mV of noise
on the coarse output signal. The sensor was within 4 inches
of the full mark (40-inch level) and the liquid level system
continued to correctly track the liquid boiloff after the per-
turbation.

As the reactor power level was increased to 1 MW (sensor
still almost full of liquid) an erroneous indication of about
0.5-inch increase in liquid level was observed on the fine
voltage output, and as the LHy level was lowered to the 21-
inch level, the fine and coarse voltage outputs indicated a
lowering only to the 29-inch level. When the reactor was
retracted from the irradiation position (i.e., away from the
irradiation cell) the fine output recorded five sawtooth out-
puts, and the coarse output five step functions in a time
interval of about 1 minute. This response indicated an
erroneous rapid lowering of the LHy level and recovery of the
radiation rate effect. After completion of the reactor
retraction (i.e., removal of the radiation field) the coarse
output voltage was correct.

The sensor was again exposed to 0.1- and 1-MW radiation
rates and erroneous liquid level indications of increases of
2 inches and then 5 inches were observed. Again recovery was
observed upon reactor retraction. Another 1-MW run indicated
the same results, i.e., 5 sawtooths and step functions from
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fine and coarse outputs. The coarse output changed from 46 mv
to 64 mV in a period of about 100 seconds, an erroneous indica-
tion of a 9-inch liquid level increase.

During this 1-MW run the liquid level was increased to
25 inches. The liquid-level system tracked the level increase
but the absolute values were in error. The coarse voltage
output indicated 32 inches of liquid. The amount of error
decreased as the liquid level increased, The error was re-
duced to about 3 inches as the sensor was nearly full of
liguid. Also, a smaller transient effect was observed, the
equivalent of the 3-inch error, when the reactor was scrammed.
Again, no permanent radiation effect was observed during post
cycle 3 testing.

4,.%.,4 lrradiation Cycle 4

Cycle 4 consisted of a basic reactor run at 3 MW preceded
by runs at 0.01 and 0.10 MW and followed by a run at 0.01 Mw.

No radiation effect was observed as the reactor, operat-
ing at 0.01 Mw, was traversed into the irradiation position.
The LHy was at the 25-inch level of the sensor. As the reactor
power level was increased to 0.10 MW the fine voltage output
increased from 25 mv to about 90 mv, which is a false indica-
tion of liquid level increase of about 1.5 inches. After the
reactor power was level at 0.10 MW, the fine and coarse volt-
age outputs tracked the 1iquid level increase correctly as the
dewar was being filled.

A very pronounced effect was again observed when the
reactor power was increased to 3 MW. Six sawtooth and step
functions were observed from the fine and coarse outputs indi-
cating an erroneous rapid fill from the 22-inch to the 32-inch
level. The liquid-level system responded to level changes but
the values were in error. At the 24-inch level the system
indicated a level of 33 inches. As discussed previously, the
amount of error was a function of liquid level in addition to
reactor power. The amount of error decreased from about 10
inches to essentially zero as the sensor became totally im-
mersed in liquid. Rate effects and recovery of the accuracy
of the level system response was observed when the reactor -
was retracted from the irradiation position.



4.15 Irradiation Cycle 5

Cycle 5 consisted of a basic reactor run at 5 MW preceded
and followed by lower power level runs. The radiation effects
observed were very Similar to those observed during cycle 4,
that i1s, no effect at 0.01 MW and an erroneous fill indication
as the reactor power was increased to 5 MW, Before the power
increase, LH2 was at the 30-inch level; immediately after the
increase the indicated level was 37 inches. This error was
less than the 3=MW error; however the liquid level was signifi-
cantly higher (30 inches instead of 22 inches). As the liquid
level was decreased to the 24-inch level, the error increased
from 7 inches to 11 inches. As the dewar was filled with LH2
the error was reduced until the level indication was 1 inch
too high.

4.1.6 Summary of Radietion Effects on the Continuous
Cabacitance Svstem

The capacitance system used as a continuous liquid-level
measuring system exhibited a high degree of radiation rate
sensitivity under conditions of high reactor power level
(1MW or greater) combined with a liquid level several inches
below the full level. No permanent radiation effects were
observed.

The error in liquid level indication is attributed to an
apparent increase in capacitance as additional charge carriers
are produced by the high intensity radiation fields (primarily
gamma radiation). The liquid-level indication of the sensor
is related directly to the capacitance existing between the
two electrodes of the sensor; therefore as the capacitance
increases due to the radiation field, the sensor system res-
ponds as though the liquid level were increasing, and con-
versely when the radiation field is removed the sensor will
indicate an erroneous lowering of the liquid level, Dielec-
tric property measurements, presented in the following sub-
section, gave evidence of the radiation rate effect on capaci-
tance.

4.2 Dielectric Properties of the Continuous Probe

Dielectric property measurements of the continuous liquid-
level system were made under conditions of several radiation
rates and liquid levels as shown in Table 4. Measurements of
capacitance and dissipation factor (at 1 kHz and 10 kHz), and
resistance of the system were made, The results of the
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measurements show significant radiation rate effects. In-
creases in capacitance and dissipation factor and decreases

in resistance were observed. The magnitude of the radiation
rate effects was dependant upon the reactor power level, the
liquid level, and the oscillator test frequency. The largest
effects were observed at the higher power levels with low
liquid levels and low oscillator frequency (1 kHz). It can be
seen from Table 4 that at a constant liquid level an apparent
increase in capacitance was observed and resulted in erroneous
outputs of the liquid-level system as discussed in Section
4.1. The observed effects are believed to be caused by the
generation of charge carriers, primarily by the gamma radia-
tion. Mobility sensitivity can be seen by comparison of the
1-kHz and 10-kHz measurements.

4.3 Thermal (Point) Sensors - Acoustica Associates Model
STS 505

The Acoustica thermal point sensors were not affected by
the radiation exposure of this test. However, the associated
control units (not irradiated) failed to respond to the re-
sistance change of the sensors; therefore, resistance measure-
ments were made throughout the test instead of monitoring
output voltages from the control units.

Typical test data is shown in Table 5. The resistance of
the sensors decreased about 100 ohms, from around 106 ohms to
approximately 6 ohms,with a decrease in temperature from 55-
60°F to that of liquid hydrogen (-423°F). Some variations in
resistance values as seen in Table 5 are due to temperature
variations

4.4 Thermal (Point) Sensor - United Control Model 2641

The United Control thermal point sensors were unaffected
by the radiation exposure. Two of the control units exhibited
temporary malfunction at the end of irradiation Cycle 5.

4.5 Thermal (Point) Sensor = Scientific Instruments Model 3

The Scientific Instruments germanium point sensors were
operational throughout the test. They indicated a change in
resistance as a change occurred in the temperature of the
environment.

Significant temporary radiation effects were observed.
The sensor exposed to the highest neutron fluence increased
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significantly in resistance while in LH2 during Cycles 4 and
5, the highest fluence cycles. Recovery from this radiation
effect (annealing) was observed during measurements made after
the temperature of the sensors had been increased.

Some resistance measurements and associated parameters
are shown in Table 6 for sensor SI-2 which was located at the
center of the dewar.

4.6 Magnetostrictive (Point) Sensor - Conrac Corp. Model
UP1004S-5

The Conrac sensor elements were operational throughout
the test. The control unit for one of the sensors had to be
adjusted occasionally to obtain the correct voltage outputs in
and/or out of liquid.

4.7 Capacitance (Point) Sensor - Transonics Corp. Model L4447

The Transonic capacitance point sensor systems were
operational through irradiation Cycle 3. Operation of the
systems during irradiation at 3 and 5 MW was intermittent
(control unit voltage outputs) and dependent on the liquid
level in a manner similar to the data obtained from the con-
tinuous capacitance sensor system (Secs. 4.1 and 4.2). There
was no physical radiation damage to the capacitance sensors
and they continued to sense in and out of liquid environment
throughout the test; however, as the liquid level was appreci-
ably lowered beneath a sensor (at high radiation rates),
indications of liquid state were intermittently observed.

The results of capacitance, dissipation factor, and re-
sistance measurements that were made agreed with the continu-
ous capacitance sensor measurements with regard to radiation
rate effects. Increases in capacitance and dissipation factor
and decreases in resistance were observed.

4.8 Conclusions

The continuous capacitance liquid-level system began to
have appreciable error in the output at a gamma dose rate of
about 3x107 ergs/gm(C)-h. A longer probe with a greater length
out of the liquid could be expected to show significant error
at lower dose rates since the error is a function of length
out of liquid as well as of radiation rate. Point sensors of
capacitance type show changes in properties similar to that
exhibited by the probe while continuing to indicate the
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presence or absence of liquid; some spurious liquid indica-
tion were observed when the sensors were out of liquid.

The thermal sensors having wire elements were satisfac-
tory throughout the test as were the magnetostrictive sensors.
The thermal point sensors having germanium elements exhibit a

radiation effect that is a function of the neutron exposure.
The increased resistance of the germanium elements can be

annealed by raising the temperature.
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Part 111

TEST OF VALVE-SEAL MATERALS
FZK-387

By

L. W. NELMS

49



SUMMARY

A test has been performed to evaluate the combined effects
of reactor radiation and liquid hydrogen on valve-seal materials
of potential usefulness on a nuclear-powered space vehicle. The
materials were tested under simulated use conditions as components
of two liquid hydrogen valves. The valves were filled with LH
during the irradiation and data cycles and then warmed to ambient
temperature between cycles. Leakage rates and opening and closing
times were obtained before and after each of five irradiation steps
at power levels from 0.1 to 5 MW with the Ground Test Reactor.
Total radiation doses were sufficient to exceed by an order of
magnitude the predicted level at the shutoff valve location in ten
missions of a Reuseable Nuclear Shuttle with a 1500-MW NERVA.

One of the valves was a 17-in. S-IC stage LOX shutoff valve
which had been modified, under NASA contract, by the Whittaker
Corporation for liquid hydrogen service in a radiation environment.
The modification consisted principally of replacing radiation
sensitive organic materials with more radiation resistant materials,
some of which were developed for this use by Whittaker. The re-
placement materials used as seals, gaskets, O-rings, etc. were
Kynar, a composite of Kynar, Teflon, and fiber glass, asbestos,
and a polyurethane-base material (Narmco 7343).

The second valve was an off-the-shelf S-IT stage LOX and LH
fill valve (v7-480450, 8-in. line size) manufactured by North
American Rockwell. The organic materials used in this valve as
lipseals, seals, bearings, packing, etc. are Mylar, Teflon FEP
and TEF, Kel-F, synthetic rubber, Nylon, Viton A, polyurethane,
and a Teflon and asbestos composite.

After a gotal exposure (maximum) of 3.5 X 109 ergs/gm(c)
and 4.2 x 10} n/cm? (E >1.0 MeV), performance of the 17-in. valve
was still satisfactory with regard to leakage. Mainseal leakage
stayed well within specification and shaft-seal and flange-static-
seal leakage was essentially zero. In three of eight data cycles
the actuator vent leakage was above specifications but it was zero
at the end of the test. Some increase in valve opening time
occurred as the test progressed and in one instance the valve
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stuck closed but opened on the second try. At the end of the
test the opening time was 3 to 5 seconds as compared to the
specification of 2 seconds. The closing time was consistently

less than the 1 second specification, in three instances being
0.2 second,

The S-{% stage fill valve received a total exposure (maximum)
of 1.1 x 1010 ergs/gm(c) and 7.2 x 1015 n/em? (E>1.0 MeV). Its
performance stayed within specification on all measurements except
opening and closing times. In three of seven openings, the time
was less than the specified 5 + 2 seconds in six of seven closings,
the time was less than specification (5 * 2 sec). Other measure-
ments included actuator pressure decay (increased somewhat as the
test progressed) and leakage rates from the actuator Port C (zero),
actuator piston seal (zero), actuator rod seal (zero), idler shaft
seal (zero), drive shaft seal (zero), and latch cover plate (zero
with valve closed). The mainseal leakage varied somewhat from

one cycle to the next but always remained far below the specifi-
cation.

After the irradiation test, both valves were disassembled
for inspection. Visual inspection of the seals failed to disclose
any signs of damage, AIll seals were intact and appeared to be in
good condition,
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I. INTRODUCTION

An irradiation test has been performed for the purpose of
evaluating organic seal materials for potential use on a nuclear-
powered vehicle, One of the most critical applications of organic
materials will be in valves of the propellant feed system. Not
only do these seals perform vital functions in the proper opera-
tion of the system, but the valves-must of necessity be located
near the engine and therefore in relatively high radiation fields.
Since some of the best organic materials for use in liquid hydro-
gen systems are among those most susceptible to radiation damage,
it has been evident for some time that more radiation resistant
materials. would probably be needed and that definitive and realis-
tic testing would be required. Two useful steps have now been
taken in this regard.

Toward the development of radiation resistant seal materials,
the Whittaker Corporation has modified a 17-in. S-IC LOX shutoff

valve for use with liquid hydrogen in a radiation field. In test-
ing, General Dynamics has evaluated this modified valve and an
unmodified S-II stage LH, fill valve in the combined environment

of liquid hydrogen and reactor radiation. The Whittaker and
North American Rockwell valves, which served as test vehicles
for the seal materials, were irradiated in several steps and
actuated, leak checked, and thermally cycled after each irradia-
tion. The total radiation dose was selected to exceed the pre-
dicted lifetime dose in an application on the Reuseable Nuclear
Shuttle,

This work was conducted at the Nuclear Aerospace Research
Facility (NARF) operated by the Fort Worth operation of the Convair
Aerospace Division of General Dynamics for the George C. Marshall
Space Flight Center of the National Aeronautics and Space Adminis-
tration under Contract NAS8-18024. Under Contract NAS8-18024, the
Fort Worth operation has performed numerous radiation effects ex-
periments on organic materials and thermal insulations as a part
of the technology program supporting the development of the
nuclear rocket vehicle.
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11. DESCRIPTION OF TEST

2.1 Test Articles

2.1.1 17-Inch Valve

The 17-in. valve (Whittaker Corp, P/N 138025) is of spring-
opened, pneumatically-closed, spherical rotary type. 1t was
designed for and used as the emergency shutoff valve between the
liguid oxygen tank and the engine turbopump of the S-IC stage of
the Saturn V vehicle, The valve is operated by means of a pneu-
matic actuator which closes the valve visor (gate) when pneumatic
pressure is applied to the actuator, and opens the visor by means
of an internal spring when pressure is removed. The actuator also
operates to retract and advance a visor seal that is forced against
the inner portion of the visor by means of a metallic bellows;
this completes the sealing features of the valve. A complete des-
cription along with drawings, parts lists, checkout procedures,
etc. may be found in the maintenance manual (Ref. 1).

The 17-in. valve irradiated and tested by General Dynamics
(P/N 138025A) had been modified by the Whittaker Corporation
under Contracts NAS8-20784 and NAS8-20955 for liquid hydrogen
service in a radiation environment. It was specifically intended
to serve as a vehicle for testing radiation-resistant seal materials
in a combined radiation and liquid hydrogen environment. The de-
tails of the Whittaker programs on seal-material development and
modification of the valve are described in References 2 and 3,

The Whittaker modifications consisted of replacing existing
seals, insulators, lubricants, and nonmetallic components with
radiation-resistant components, All replacement components had
to conform to the existing valve geometry envelope, The components
replaced and the replacement materials are- given in Table 1.

2,1.2 LH, Fill Valve

The £ill valve (North American Rockwel1l P/N V7-480450) is a
pneumatically actuated gate valve of 8-in. line size used for both
LOX and LH, service on the S-II stage, The valve is spring opened
upon pneumatic withdrawal of a latch pin, Table 2 lists the com-
ponents made of organic materials.

53



Lh=LGCEN q@3Tsodmoy ® ££-005007 1B9S
GE-LGEAN q®31s0duo) ® T-LS%9¢€T 1e°es
€€-LSEUN q@31sodwop ® LSH9ET 1e3S

Assy 303®OTIpul wOTIITSOd
V8969¢1 aeul)y uoT3al 8969¢1 Buty
V.969€T aeudy | sse(8/uoT3zal £L969€T zeom ‘3ury
VOLERET aeuky | ssel8/uoiFal 0LE%ET aeem ‘3ury
VOTIH%€1 IeULY uoi3yel OTHYET aeem ‘Bury
T7€-V67S00C aeUkY ] TY€-675002 1e®S
€1€-Y62500T avudy 2 €1€-62500¢ 1E2S§
7-€-V¥90500¢C Teuly uoiyal LZ-£-905007 8uta-0
#1-7-V90S007 aeuly UoTIoL LY1-7-906002C duta-Q
e=LSEAN q®3Tsoduo) ® Z1-005002 1898
TH=LSEEN q@31sodwod ° 01-00500¢ 1eoS
6€-LGEUN amuwmoQEou E 6-005S002 I:ETS
VZ969¢1 Ieuky 2 7969¢€1 1eos
V6S69€T 1euky UoTFIL 6569¢€1 J9ysen
V6£99¢€1 aeuld)y uoy3aL 6€£99€1 Tees
V8€99¢€T aeul)y uoTI9L 8€99€T 39358
VLIS9ET aeuly uoT3Ia] LTG9€ET 1®eS
VLLY9€ET aeudy uoiyer LLY9€ET 39%s®e)
VZLY9€T aeudy uoi3a] TLY9ET 393sed
L9-LSEUN q®3Tsodwop ° 87TISET 1®3s
G9-LSEUN q®3Tsoduop ® L8EVET 1®°S
27-V68T0TT | ewEVEL ODWIVN uoTId, 77-6810T1 1®9Ss
LZ-V68T0TT | pEWEL ODWIVN uoy3o] 17-6810TT T®°S

HOUaSUOaOO.H&m

*ON JJxed MIN HMHH@UNZ Hm.whmu.mz .HOQE.DZ qaed UQQGOQEOU Emum%mﬂﬂm

PPTJTIPON SV

pausisaq SY

IATVA HONI-/T ¥04 STVIVALVW INIWADVIdHE ANV SLNANOJWOD HAILISNAS NOILVIAVY

T 9T0TL

54



POTITPON SV

paudisa(q sy

01~-V815007 aeuky @ 01-815007 TeeS
SS-LGEUN q®31sodwo) ° 0%-005007 1E9S
€G-/ SEUN q®3¥s0duo) ° 00S.€T Te®S
TG-LSEUN q®31sodwo) ® 8€-00500¢ Teo8
LS=LSEAN q@31sodmo) ° 9€-00500¢ 1828
6%=LSEAN q®3Tsodwop ° #€-005007 1e98
Ly=LGE¥N q@31soduoy ° $7-005002 1E9S
LE-LSEUN q®3Tsodwo) ° #=00500¢ 1898
V69.9¢€1 aeudy ) 69L9€1 eSS
VL9L9ET ~ aeuky ° L9L9ET Teos
V6TL9€T | PP3ROD aRULY 9 61L9€T 1e9s
V.L0LSET §0383qsY uoT3a], LOLSET 383s®e)d
V6CISET aeudy ) 671IGET 1898
T-VIOSHET 1eUAY P P aaysepM
T-VIOSYET Teul)y ® TOSYET asysepm
VIT1001 aeuly ° 7ICVITT00T Suta-o
KXpog @ATEA
00£-v0%#100T aeudy p p 3uta-0
002-v0%1001 aeuly P P 8ura-0
2 o] 9 OOAIO#HOOH J0309UU0)
s} o} 9 OOhmmH .HOUMUH@GH uo1liIsod
01-%#1~V6LESS avuky @ 0T-4%1~6LESS ELCER £
9-Z1-V6.€SS aeuly ) 9-71-6L€SS 9A9971S
VZ8yLET aeuly ° 8WLET 3utryoeg
V6ETLTZT aeudy @ 6€TLZT uoTjeINSUL
1=V/%100T aeuky =) 1-L%100T uotjeINSU]l
6-¥625007 xeuly uoi3a] 6-62500C T®9S8
610-2~Y¥90500¢ aeuly uoTIaL! L610-2-905007 Buta-Q
*ON 3aed MoN 1BTI9IBN I ECEET JaqunyN jaed Jusuodwon we3sAsqng

Av_ucoov 1 @198l

55



@dueuDjuUTEW

*3ATBA STY]1 J0J Jenuew
ay3 ul pOTIIIUSPT Jou ST Telaejew O[FIdeds pue Ljquesse ue Jo 3aed sT jusuodwo)d,

*uO0T3eaINSTIUOD MISTILMOU JO ulisep UL peppe uuuﬁoaaopa
*uo13eIN8TJUOD peIIIpow Ul pelrUIWile Jusuodwod,
*sse1819qly pue ‘uoige] ‘arud) JO SaniXIw ST [ETISIBW wuﬁmomEoun

"C10p 1938 ITUM AL CoIBOTIqeRI TEPIIeJell 9Bl 20BY3ILIn 10T ' ST ¢yl ODWYEYN,

90~V8S06SKH aeuly ° 90-8S06SH Buty
VLTE9ET Teuly sse3/0013aL LTE9ET IB3YSEY
T-V8S€671 CSol ® T-8G€621 JuBOTaqN
v8zeLET aeuky sse13/uoT3aeL 8ZELET ped
V690L€1 aeudy sse13/uoT3Ia] 690L€1 Butysng
V1969€1 aeuly ° 1969¢1 wrys
V0969¢€T aeudly 3 0969¢€1 wiys
V-9SZSZOW | @e380D arULY pe1®0d F4I UOTIDL V19S7STOR pejeod eoBy ‘BSS
V-#SZGZOW | @e3eOD Ievuly pe3®OD HAL UOTISL V17SZSTON pejeod 908y ‘i®Og
<|NWNMNUE amumoo HMG%M ﬁmumoo A4L QOHMQH <HNWNMNUE ﬁmumoo mumm mﬁmmm
1T-V81500¢ aeuly ® 11-815002 Tees
*ON 1aBd M8N TeTI8]B}N 1eTI93BY Jaquny 1Ied qusuodwon we1sAsqng
P2TITPOK SV paustsag sy

(p,3u0d) 1 °1qel

56



%#20-0C10 9N sueyjaandiod punodwOo Sutijod --
£50-0€T0 W A-19% I9ysem 2TE08Y-LA
2S0-0€T0 9K did uoT3alL aooedg 76€08%-LA
| 103e9Tpu] 0%7908%-LA
0L-LLTES V UO3TA 1ces ‘4pog 06508%7=LA
SATBA %6508%=LA
090-0€T10 K 114N Teosd S8%08%-LA
MOTAN uoT4N Isurelay TELOBY=LA
MOTAN UOTAN Ioutelay TELO8Y-LA
059€ SKY A-19) 3utaeeg €%908%-LA
pPe3®80O UOTID] 1e9s (@31BOO @20BJ LZ00-19ZdN
7S0-0€T0 W did uoTIeL 3utaeeg £L0908%~LA
§0389qs® %Gy ‘uorFaL asoedg T6%08%-LA
3oyoel FJL uolisl eSS 9€00~T19ZIN
€50-0€T0 9W d-19% 2303 ‘Teasdy] ERLO8Y-LA
Pe3®80D UOTID] 128 8200-T9ZIN
G1ES~d="TIN a’qqna DT3I9YJuLsg Butyoed ZIS6ZSH
090-0€10 4R TeTLR JEE #1908%-LA
2S0-0€T10 IW did uoTIoL 3uty L 708Y=LA
G*L-a 2d41 090-0€T0 AW B4R Teosd1T €SH08Y%-LA
§*L-a °2d41 ‘090-0€T10 W IBTLK TeosdrT 16€08Y7~LA
ﬁOHUNUHmHONQm TeTaa]el uﬁmﬁOn_EOU HQQESZ jaed

(0S708%~LA) FATVA TIId TIHVLS II-S d0 SININOAWOD HAILISNES NOILVIAVY

¢ °10%L

57



2.2 Test Conditions

Both valves were irradiated in five steps while filled with
liquid hydrogen. After each irradiation, a data cycle was run
and the valves were purged of hydrogen and allowed to warm to
ambient temperature (approx. S50°F). The irradiation steps were
at nominal reactor power levels of 0.1, 1.0, 1.0, 3.0, and 5.0 MW
each for a duration to give the desired integrated gamma dose.
The total reactor operating time was 19 hours and the approximate
total time the valves contained liquid hydrogen was 31 hours.
Including preirradiation checkout, the valves were subjected to
11 LHy cycles.

2.3 Measurements

The effect of the applied environments on the ability of the
valve-seal materials to continue to perform their function at LH
temperatures was detemined from measurements of the leakage rates
at certain points on tha valves, from measurements of opening and
closing times, and from pressure decay measurements (fill valve
only), These measurements were made immediately preceding and
following the irradiations.

Temperatures were measured at three locations on the outside
of each valve body. Gamma doses and neutron fluences were measured
by use of cobalt glass and foils, respectively, Liquid levels
within the valves and the attached standpipes were measured and
controlled by use of resistor probes and the automatic flow-control
system.

2.4 Dosimetry

Neutron fluence measurements were made at various locations on
each valve by use of nickel, sulfur, and phosphorous foils. Gamma
dose measurements were made at accessible exterior locations using
cobalt glass detectors; it was necessary to remove these detectors
after the first irradiation to avoid saturation. Neutron-to-gamma
ratios at these accessible locations were used to calculate the
gamma doses at other locations where neutron foils were exposed but
where gamma dosimeters could not be used,

The dosimetry data are given in Table 4 of Section III.
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III., EQUIPMENT AND PROCEDURES

3.1 Reactor Facility

The irradiation was performed with the 10-MW Ground Test
Reactor (GIR). The below-grade tank for this water-moderated
thermal reactor has a closet-like structure built into its north
wall. The test assemblies are placed in the irradiation cell
adjacent to the three faces (designated north, east, and west)
of the closet into which the reactor is moved when an irradiation
is carried out. The outer faces of the closet are plated with a
20-mil thickness of cadmium to attenuate thermal neutrons.

The test assemblies are lowered into their irradiation posi-
tions by means of an overhead crane. Lines and cables are routed
over the north wall of the irradiation cell from the control room
or the grade-level ramp as required. The cryogen manifold in-
corporating the control valves and purge fixtures was located on
the north ramp. Liquid hydrogen was supplied to the manifold
from a transport trailer.

3.2 Test Assemblies

Since the valves were to be irradiated while filled with LH,,
they were assembled with a blind flange bolted on the downstream
valve flange and a vacuum-jacketed standpipe bolted on the upstream
valve flange. The standpipe assured that the valves would be com-
pletely full of LH, and also provided a reservoir to maintain an
adequate LHy level when flow was shut off for the leakage measure-
ments. To minimize the possibility of hydrogen leakage into the
irradiation cell, each valve assembly was totally enclosed in a
cylindrical container (shroud) which was continually purged with
helium. The 17-in.-valve assembly attached to the shroud cover
is shown in Figure 1. The largest flexible line is a 4-in. gas
exhaust and the smaller line is the 1.5-In. shroud exhaust. A
0.5-in. flexible LH, supply line was used. Smaller copper lines
were used for actuation pressure and leakage measurements.

A similar arrangement was used for the fill valve, The un-
mounted valve is shown in Figure 2 and the test assembly is shown
positioned at the west face of the GTR in Figure 3, Figure &
shows the 17-in,-valve assembly on the work platform above and
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Figure 2 S-II Stage Fill Valve
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Figure 3 Fill-Valve Assembly in the IrrsQiation Position
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just north of the irradiation cell. (The dewar on the left in
Figure 4 contained the liquid level-sensors, data for which are
reported separately.)

Figure 5 shows schematically the valve assembly and shroud
with the various lines identified. Figure 6 shows the general
experimental arrangement with the fill valve in the west irradia-
tion position and the 17-in. valve in the north position. Control
and leakage measurement lines enter the control room where the
Leakage Measurements Panel (LMP) was set up. The cryogen and
exhaust manifolds were located on the north ramp.

3.3 Measurement Equipment

Leakage rates were measured with flow-meters of several sizes.
The smallest of these, a positive displacement meter, is capable
of measuring a flow rate of O to 1scfm Hy. The other flow-
meters have the following ranges: 0.2 to 3.2 scfm Hy, 2 to 26
scfm Hp, and 15 to 127 scfm Hj.

The Leakage Measurements Panel, shown schematically in Figure
7, incorporated the flowmeters and all the valves, gages, and
controls necessary to actuate the valves and completely control
the test assemblies.

Valve opening and closing times were measured between break
and make of the valve potentiometer open-closing switches. A
four channel Sanborn thermal strip-chart recorder equipped with a
timing track was used to measure the elapsed time.

3.4 Irradiation Procedure

Following two thermal cycles on the ramp, the test assemblies
were positioned in the irradiation cell and a third LHy £ill and
leak check was completed. This checkout was accomplished without
incident.

The irradiation cycles were scheduled for and completed on
five consecutive days. Data were taken after each irradiation step
and the valves were then allowed to warm to ambient temperature
before the next LHyp £ill. The valves were maintained inerted with
helium at all times between the LHp cycles.,
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Valve Actuation
1 on 17-in. Valve

2 on Fill Valve

Leakage Ports{'——-——'

]

Burst Disc \

N\

— Shroud Exhaust (1.5-in.)
— Shroud Purge

—— Liquid Level Probe

Pressurizing Line (to IMP)

—— Pressure Probe
— Dewar Exhaust (4-in.)

—— Fill (0.5-in. i.d.)

i

|
>5§}

| ———Vacuum Jacketed Dewar

|~ Burst Disc
N 535 (Vat. Jacket)

Shroud

_Test Article
—1 (17-in. or Fill Valve)

E 4 -—Blind Flange

Figure 5 Schematic of Test Assemblies
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Pressure Vent Exhaust
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Figure 7 Schematic of Leakage Measurement Panel

67



Table 3 gives the irradiation schedule. Table 3 does not
include several short duration runs at lower power levels which
were made in order to obtain rate effects data on the liquid
level sensors which were being irradiated simultaneously; these
lower-power runs have been included in the computation of the
megawatt hours of Table 3 and the radiation exposures given in
Table 4,

Table 3

IRRADIATION SCHEDULE

Cycle Power Level Energy Release Cumulative
(MW) (Mwh) Energy Release

(MWh)
1 0.1 0.05 0.05
2 1.0 1.56 1.61
3 1.0 4,60 5.20
4 3.0 13.10 19.30
5 5.0 29.30 48.60

3.5 Measurement Procedure

3.5.1 17-Inch Valve

Each data cycle was accomplished by completing the following
sequence of actions:

1. Close 17-in. valve; fill with LH,.
Apply 20-psig test pressure.
Measure main seal leakage.
Measure actuator vent leakage.
Reduce test pressure to 0 psig,
Open 17-in. valve; measure time.
Apply 20-psig test pressure.
Measure shaft seal leakage,

. Measure flange static seal leakage.
10. Reduce test pressure to 0 psig.
11. Close 17-in. valve; measure time.
12. Refill valve with LHj.

©®NPUTR LN
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Table 4

DOSIMETRY DATA

Fluence
Location E>1 MeV Gamma Dose
(n/cm?) (ergs/gm(C))

17-in. Valve Main Seal

Front 5.4(15) 8.0(9)

1/3 Back 4.4(15) 4.3(9)

2/3 Back 2.3(15) 2.2(9)

Full Back 3.0(14) 3.5(8)
17-in. Valve Flange

Front 4.7(15) 6.8(9)

1/4 Back 7.6(15) 7.3(9)

1/2 Back 4,7(15) 4.6(9)

3/4 Back 7.0(14) 6.8(8)

Full Back 2.4(14) 2.4(8)
17-in. Valve Actuator

Midbody 1.1(16) 1.6(10)
Fill Valve Main Seal

Front 9.3(15) 1.2 (10)

1/3 Back 6.5(15) 1.1(10)

2/3 Back 2.3(15) 4.1(9)

Back 1.2(15) 3.0(9)
Fill Valve Actuator

North End 1.2(16) 1.7(10)

Midbody 1.4(16) 2.0(10)

Southend 5.2(15) 7.8(9)

69




13. Perform irradiation.
14. Repeat steps 2 through 10.
15. Warm valves to room temperature.

3.5.2 LH, Fill Valve

Each data cycle was accomplished by completing the follow-
ing sequence of actions:

1. Close 10-in. valve; fill with LHy.

. Measure actuator pressure decay.

Apply 40-psig test pressure.

Measure main gate seal leakage.

Reduce test pressure to O psig.

Measure latch cover plate leakage, valve closed.
Open 10-in. valve; measure opening time.
Measure latch cover plate leakage, valve open.
Measure actuator piston rod seal leakage, valve open.
10. Apply 40-psig test pressure.

11. Measure idler shaft seal leakage.

12. Measure drive shaft seal leakage.

13. Reduce test pressure to 0 psig.

14. Close 10-in. valve; measure closing time.

15. Refill valve with LHy.

16. Perform irradiation.

17. Repeat steps 2 through 13.

18. Warm valve to room temperature.

CONOUTHWPN
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V. RESULTS AND DISCUSSION

4,1 17-Inch Valve

Table 5 gives the results of the 17-in. valve irradiation.
Main seal leakage stayed well within specification and varied
randomly from run to run. Shaft seal and flange static seal leak-
age remained essentially zero throughout the test. |In three of
the eight data cycles the actuator vent leakage was well above
specification, but it was zero at the end of the test. There was
a trend toward increasing valve opening time as the test progressed.
In one instance the valve stuck closed but opened on the second
try. At the end of the test the opening time was 3 to 5 seconds
as compared with the specification of 2 seconds. The closing time
remained well within the specification of 1 second in each of the
cycles.

It is concluded that the cumulative radiation dosage had
little to no effect on leakage from the 17-in. valve. 1t IS be-
lieved, however, that the combination of increasing opening time
and constant closing time is possibly evidence of the onset of
seal functional degradation. The valve opens, and is held open,
by pneumatic pressure developed against the actuator piston and
closes by an opposing spring load on the actuator piston. Thus,
piston seal degradation would tend to increase valve opening time
due to gas leakage past the piston without effecting closing time
at all.

Visual inspection of the seals failed to disclose any sign of
damage. All seals were intact and seemed to be'in good shape.
Figures 8 and 9 are photographs of the 17-in.-valve seals.

4.2 LH, Fill Valve

Table 6 gives the results of the LH, fill valve irradiation.
Main seal leakage stayed well within specifications and varied
randomly from run to run. Actuator pressure decay increased some-
what as the test progressed. Actuator piston seal (valve closed),
latch cover plate (valve closed), actuator piston rod seal (valve
openj, idler shaft seal (valve open), and drive shaft seal (valve

%~ open) all displayed essentially zero leakage throughout the test.
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Figure 8 Main Seal from the 17-inch Valve after Irradiation
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Valve opening time was less than the specified minimum of 3 seconds
in three of the seven openings. Valve closing time was less than
the specified minimum of 3 seconds in six of the seven closings.

In no case was either opening or closing time as much as the nomi-
nal 5-second specification value.

Visual inspection of the seals failed to disclose any signs
of damage. Al seals were intact and seemed to be in good shape.
Figures1l0 and 11 are photographs of seals from the fill valve.

4.3 Conclusions

The results of this irradiation experiment indicate that the
seal materials used in either of the valves would be satisfactory
for application at the exposure levels expected in ten missions
of a Reuseable Nuclear Shuttle powered by a 1500-MW NERVA, This
was anticipated for the 17-in. valve since the materials were
specifically chosen to have radiation resistance superior to the
replacement materials.

However, the performance of the unmodified S-I1 stage fill
valve shows that even Teflon and Kel-F, waterials widely used for
cryogenic applications but of rather low radiation resistance,
will function to rather high dose Jlevels under certain conditions.
The absence of oxygen during the radiation exposure is probably
the main factor since oxidation therefore cannot occur. Exposure
at cryotemperature may also contributeto the improved radiation
resistance, but when the organic material is actually submerged
in rhe cryogen it is the exelusion of oxygen rather than the cryo-
temperature per se that is the chief benefactor,

Perhaps the most important result of this test is that it
graphically illustrates that the environment and test conditions
can be all important in evaluating radiation effects. For appli-
cations in space at cryotemperature, at the least, the commonly
used organic materials may well be entirely suitable for most
applications on the nuclear powered vehicle,
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Figure 10 Main Lipseals from the F-111 Valve sfter IrraQiation
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Part IV

BORON=- EPOXY COMPOSITES
FZK-388

By
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SUMMARY

Light weight, high strength boron-epoxy composites were
irradiated in a nuclear reactor and then mechanically tested
for strength. These boron-epoxy laminates, made by reinforcing
an epoxy matrix with 15 plies of unidirectional boron filaments,
were irradiated and tested under three different combinations of
temperature which could occur in a nuclear-powered spacecraft
using a cryogenic propellant. Specimens of group lwere irra-
diated in air or water at ambient temperatures below 80°C and
were tested at room temperature, as were specimens .of group 2
which were irradiated in liquid hydrogen at -253°C. Specimens
of group 3 were irradiated and tested in liquid nitrogen at
-196°C without an intermediate warmup. Mechanical strengths of
all specimen groups were degraded primarily by thermal neutrons.
For equivalent thermal-neutron fluences, flexural strengths in
the longitudinal direction (parallel to boron filaments) were
best for specimens of group 1, next best for those of group 2,
and poorest for those of group 3. This order of degradation seems
to be dictated by the more radiation-sensitive interlaminar shear
strength, which measures epoxy-to-filament bonding. The order
of damage above was reversed for transverse flexural strengths.
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I. INTRODUCTION

Unidirectional boron-epoxy composite has considerably higher
ratios of tensile strength to weight and elastic modulus to weight
than do conventional bulk metals. Therefore, designers are giv-
ing this material a great: deal of attention for structural appli-
cations in weight-sensitive spacecraft. Much design work has
also been done on a nuclear-powered engine for spacecraft under
NASA's Nuclear Engine for Rocket Vehicle Application (NERVA) Pro-
gram. The NERVA engine utilizes hydrogen as a propellant (stored
as a liquid) and a nuclear reactor as a heat source. Thus, it is
of considerable interest to know how strengths of boron-epoxy
composites are affected by mixed-radiation fields from a nuclear
reactor, both at normal ambient temperatures and at cryogenic
temperatures.

Experiments have been performed in which specimens of boron-
epoxy composite were irradiated with the Ground Test Reactor
(GTR) in several environments including liquid hydrogen, liquid
nitrogen, air, and water. Maximum radiation exposures were more
than an order of magnitude higher than those expected forward of the
engine tangent plane in ten hours of operation of the NERVA. In
addition to varying the irradiation temperature and total radia-
tion exposure, the ratios of reactor radiations (thermal and fast
neutrons and gamma rays) were also varied over limited ranges.
For example, the irradiation in water was for the purpose of
obtaining a high thermal-neutron fluence because boron has a large
cross section for thermal neutron capture.

With the exception of some specimens irradiated and tested
in liquid nitrogen without warmup, all testing was at room tempera-
ture. Specimens were of flexural (longitudinal and transverse)
and shear types.
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IT, DESCRIPTION CF TEST

2.1 Test Specimens

Boron-epoxy specimens for the irradiation test were cut from
15-ply laminated panels which had a thickness of 0.084 in. The
boron reinforcements in these panels were 4-mil filaments of
natural boron which had been vapor deposited on 0.5-mil cores of
tungsten wire. These boron filaments were initially embedded
parallel to one another in tacky epoxy-resin tapes (Whittaker
Corporation's Narmco 5505) at a density of about 200 filaments
per inch of tape width. These tapes were then covered with a 1-
mil thickness of woven glass cloth and were partially cured to
form 5-mil sheets of composite material. Panels from which test
specimens were cut were fabricated by layering 15 of these com-
posite plies together with the same filament orientation. These
laminated panels were then fully cured by subjecting them to pro-
longed heat and pressure to form an epoxy matrix unidirectionally
reinforced with close-packed boron filaments (55% filaments by
volume and 72% by_weight). The finished composite panels had a
density of 2 g/cm3 and were, by weight, about 60 percent natural
boron, 28 percent epoxy, and 12 percent natural tungsten.

Flexural specimens 3.0 in. by 0.5 in, were cut from these
0,084-in. panels with their major axes both parallel to the fila-
ment direction (longitudinal, or 0° specimens) and perpendicular
to it (transverse, or 90° specimens). Interlaminar shear speci-
mens 0.6 in. by 0.25 in. were cut with their major axes lying
along the filament direction.

2.2 Test Conditions

The test specimens were irradiated with the 10MW Ground Test
Reactor during irradiations of NERVA materials and components,
Panels of specimens were irradiated in air, in water, in liquid
nitrogen, and in liquid hydrogen. Temperature of the air speci-
mens was a maximum of 80°C and of the water specimens 50°C. The
specimens irradiated in LN, and LHp were maintained in those
cryogens throughout the irradiations, The LHy-irradiated speci-
mens were allowed to warm to room temperature after completion
of the irradiation, while the LNjp-irradiated specimens were main-
tained in that cryogen until completion of testing,
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2.3 Mechanical Tests

All composite specimens were loaded to failure on an Instron
machine at a crosshead speed of 0.05 in./min, and load-deflection
curves were continuously recorded at a chart speed of 2 in./min.
The longitudinal flexural specimens were loaded at their midpoints
while bridging a support span of 2.5 in., while transverse flexural
specimens were loaded at two points 0.5 in. either side of their
midpoints while bridging a 2.0-in. span. Interlaminar shear speci-
mens were loaded at their centers while supported over a 0.4-in.
span. The specimens which were irradiated in air or water at
ambient temperatures were all mechanically tested at room tempera-
ture, as were the specimens which had been irradiated in LH,. The
specimens which were irradiated in LNo were also tested in LNp
without intermediate warmup. This was accomplished by immersing
the various test fixtures in a special LNy Dewar which was sup-
ported by the compression plate of the Instron machine. The
specimens were rhen loaded by the downward motion of the Instron
crosshead in the usual way, with the weight of the LNg~-filled
Dewar and the test fixture being balanced out of the recorded
loads,

Ultimate flexural strengths for longitudinal and transverse
specimens were calculated from the formulas (Ref. 1)

F(0°) = == p
2wt?
o 3
F(90) = —— P,
( ) lwt?

and interlaminar shear strengths were calculated from (Ref. 2)

s = = p
4wt

Here, P is the failure load (Ib) on a specimen of width w (in.)
and thickness t (in.), and S is the magnitude of the support
span length measured in inches for the flexural specimen in
guestion (2.5 for longitudinal specimens and 2.0 for transverse
specimens).

The width and the thickness of each specimen tested at room

temperature were measured to the nearest 0.001 in. before and
after irradiation, and the dimensions after irradiation were used
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in the equations above. Dimensions of the specimens irradiated
and tested in LN, were measured only before irradiation, and
these values were used in strength calculations for those speci-
mens. Dimensions of specimens were very uniform and before
irradiation did not differ by much from a thickness of 0.084 in.
and a width of 0.500 or 0.250 in. for flexural specimens or shear
specimens, respectively. The dimensions of specimens measured
before room-temperature testing were increased somewhat by irra-
diation, probably because of helium-gas formation in the speci-
mens. Thicknesses increased by as much as 6 percent and widths
by some few tenths of a percent. Accurate dimensional measure-
ments could not be made after the specimens in LN, were tested,
for these specimens delaminated severely on warmup.

2.4 Dosimetry

Each test panel was instrumented with ten phosphorus detec-
tors, six bare and four cadmium covered, arranged so that eight
values of thermal-neutron fluence (E<0.48 eV) over each test
panel were calculated from measured radioactivities of different
pairs of detectors. Mean thermal-neutron fluences for each test
panel were obtained by averaging the eight measured values for
different positions on each panel. One standard deviation from
the mean for the eight measured values was less than 20 percent
in all cases but one, for which it was 30 percent. Mean fast-
neutron fluences (E>1.0 MeV) for each test panel were obtained
by averaging values calculated from radioactivity measurements
of two nickel foils. One standard deviation from the mean for
these two values was less than 15 percent in all cases. Gamm
doses were measured with cobalt-glass dosimeters during short
preliminary mapping runs. These mapping doses per MWh were then
linearly projected over the long test runs to obtain gamma doses.

Table 1 identifies the various test panels by radiation
environment and gives the radiation exposures for each. The
data are ordered in three groups according to increasing thermal-
neutron fluence.
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III. RESULTS

Average strengths for the three types of boron-epoxy speci-
mens are listed in Table 2 for the various conditions of irradia-
tion and mechanical testing, and percentage standard deviations
for the five specimens of each type are listed in Table 3. The
data of Table 2 are listed according to increasing thermal-neutron
fluences received by specimens in three groups: group lirradiated
in air or water at ambient temperatures (<80°C) and mechanicall\b/
tested at room temperature (RT), group 2 irradiated in LHy (20.3°K)
and tested at RT, and group 3 irradiated in LN, (77.4°K) and tested
in LN, yithout intermediate warm-up. Unirradiated control speci-
mens were stored in the various irradiation environments (air,

LHy, and LNg) for the same length of time as the irradiated speci-
mens and were then mechanically tested at the temperature appro-
priate for each of the three groups.

The longitudinal flexural strengths and interlaminar shear
strengths for the three test conditions are plotted against
thermal-neutron fluence in Figure 1, and transverse flexural
strengths are similarly plotted in Figure 2. There are not really
enough data to plot curves for strengths of specimens in group 3;
the tentative curves are drawn more for the purpose of connecting
the three data points than'for defining functional strength re-
lationships. It is not possible to completely separate the effects
of mixed-field radiations from a nuclear reactor, of course, so
that it is not strictly proper to plot any of the strength data
against thermal-neutron fluence alone. However, except for the
transverse flexural strength at low thermal-neutron fluences and
at gamma doses in the range of 1010 erg/g(c) (where cross-linking
of epoxies are known to occur), all strength data correlate very
well with thermal-neutron fluence but not with gamma dose or fast-
neutron fluence, so that it is concluded that thermal-neutron
fluence is predominately responsible for the observed radiation
effects on strengths of boron-epoxy composites.

The longitudinal flexural strengths at room temperature of
specimens irradiated in air or water does nof begin_to decrease
until thermal-neutron fluences beyond 4 x 10 7 n/cm? (E<0.48 eV)
are reached, but it then falls off rapidly and is degraded by
more than 75 percent at the highest thermal fluence of 7 X 1018
n/em?, The room-temperature strength of longitudinal specimens
irradiated in LHy falls off even more sharply above a thermal
fluence of 2 x 1017 n/em? and is degraded by about 50 percent at
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Table 3

COEFFICIENTS OF VARIATION FOR EACH SPECIMEN GROUP

Test Percentage Standard Deviations¥
Panel Longitudinal Transverse Interlaminar
Number | Flex Strength Flex Strength Shear Strength
Control 1 1.1 8.3 4.3

1 3.7 3.3 0.8

2 2.0 6.6 2.6

3 2,6 4.5 1.8

4 2.5 5.8 2.5

5 2.6 - 4.4

6 3.4 4.1 2.1

7 2.7 1.9 16.4

8 6.8 - 6.2

9 9.6 - 5.9
Control 2 1.6 5.7 3.8

10 2.8 3.9 2.1

11 1.5 4.8 1.1

12 9.8 8.3 4.8
Control 3 1.2 6.9 3.6

13 7.8 2.9 4.1

14 9.5 6.4 7.8

*Based on five specimens.

90




(1s5y) yaSusaalg zeLYS IBUTWERTIIIUT

SIUPWUOITAUY SNOTABA UI Po3sal ATTBOTUBYISR
pue peaeipeaal seifsodmop Axodg-uoxog 3O syis8usalsg
Ie9yS JPUTWETISIUI PuB syl1BusIlg TBANXITI Teurpnatsuor 1 2an8Td

(A® 8%7°0 > T UITA NEu\ﬁv souenyd UOIINON-TEUIDYL

o701 £101 9191 5101

mr QT .—N—-(f
ortrrrr 1 11 __:____ ] LARRILEL AR T T T 0
TNT uT peasel pue CNT uT peleIpeiil W
Iy 38 Pe3sel pue CHT UT PeIETPEIII @
14 2® poasa] pue OCH Ul pelbTIpeidl A
~ I¥ 1B po1se] pue ITV UT POIBTPRIII W o
// y38uealg IABOYS JABUTWETIIIUL semmeme
N y38uealg TBANXSTI TBUIPNITSUOT e

8¢

08

Oz1

0=1

00¢

o%e

08¢

(1s¥) y3a8uealg TBANXS]d [BUTPNITIUOT

91



SJUSWUOATAUY SNOTIBA UT P93ss] ATTROTUBYOSK pUB POIBIPBIII
s93Tsodwo) Axodg-uoiog Jo syjz8usilg TBINXSTd 9sasAsuea] 7 2in3Td

(A° 8% 0 >= Y3aT™M gwo/u) 20uUMITH UOISNON-TEWIY],

o10t ;701 o107 ¢10T | 70T
TTT T T 1 _ [TTrr 111 AL RSB E— !
-1
CNT uT @e3sel pue UNT UT ©o3EIpEIiI W
I¥ 3B ©3S9L pue CHT U GOIBIPRIIT @ -8
I¥ 38 ©93IS9] PUEB ATV UT (COIBTIPBII] W
—|
—-191
ST013 o/
[
. P ok4
_ N_
- \ ._-||.I~
~. \\.\..\ Ve
~ IIIVlﬂ\-\ i
8

(T5) ya8usilg TRINXS[] OSILASUBIT

92



a fluence of 5 x 1017 n/cmz. The longitudinal flexural strength
at LNy temperature is degraded still more severely by radiation
exposure, being reduced by almost 50 percent at a thermal-neutron
fluence of 1.6 x 1017 n/cm2.

The interlaminar shear strengths of boron-epoxy specimens
begin to be degraded at thermal-neutron fluences roughly an order
of magnitude lower than those for longitudinal flexural speci-
mens for each of the three test conditions. The room-temperature
shear strength of specimens irradiated in air or water begins to
drop off rapidly beyond a thermal-neutron fluence of 2 x 1016 n/cm?
and is 85 percent_lower than the control value at the highest
fluence of 7 x 1018 n/cm2, while the room-temperature shear strength
of specimens irradiated in LH2 begins to fall off above a fluence
of 4 x 108 n/cm? and is reduced by about 80 percent at a fluence
of 5 x 1017 n/cm?. The shear strength at LN2 temperature is de-
g;aded by about 80 percent at an even lower fluence of 1.6 x 1017
n/cme,

The transverse flexural strengths of Figure 2 begin to fall
below control values for roughly the same thermal-neutron fluences
as do the shear strengths for each of the three test groups. The
room-temperature transverse strength for specimens irradiated in
air begins to fall off first at a fluence of about 1 x 1016 n/cm
and_is 70 percent below the control value at a fluence of 3.6 X
1017 n/cm?, while the room-temperature strength of specimens irra-
diated in_LHy begins to fall off next at a fluence of about 4 X
1016 n/cm? and is reduced by almost 70 percent at a fluence of
5 x 1017 n/em?. The transverse flexural strength at LNy tempera-
ture falls off much less rapidly and is only 15 ya¢cent below the
control strength at a fluence of 1.6 x 1017 n/cmg.” The transverse-
strength increases at lower fluences (dashed sections of the
curves) reflect cross-linking in the epoxy matrix caused primarily
by gamma-ray exposures, as mentioned above, and should not properly
be plotted against thermal-neutron fluence, but thermal-neutron
degradation does eventually take over for higher exposure doses
(solid sections of curves).

Flexural moduli were also measured for the longitudinal and
transverse specimens; these mean values along with percentage
deviations from the means are presented in Table 4. 1t can be
seen that the transverse flexural modulus is much more affected
by radiation exposure than is the longitudinal flexural modulus,
as is to be expected, and that both moduli generally begin to
fall off significantly at the same time that the respective
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FLEXURAL MODULI

Table 4

O IRRADIATED BORON-EPOXY COMPOSITES

Test Longitudinal Flexural Transverse Flexural
Panel Modulus (10° psi) Modulus 105 si |
Number Y s(%) . - \roy
Control 1 23.6 1.09 34.1 2.83

1 23.1 2.56 39.4 1.64

2 23.2 3.09 37.2 2.55

3 23.6 2.68 38.4 2.18

4 25.8 1.45 35.1 2.12

5 25.6 3.36 - -

6 25.3 3.17 24.2 3.26

7 23.9 6.55 23.4 4.71

8 19.5 4.31 - -

9 14.0 4,32 -
Control 2 23.9 1.25 34.6 2.64

10 24.2 2.36 38.0 1.57

11 23.4 1.65 24.8 1.97

12 20.3 2,53 12.4 512
Control 3 19.7 8.21 15.2 6.32

13 19.9 8.60 8.8 9.00

14 19.8 1.53 8.1 6.97
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strengths do, but not as rapidly as do the strengths. Thus,
strength properties are generally more sensitive to radiation
than are stiffness properties, so that moduli will usually be
affected only above the exposure thresholds given for strength
degradations. The exception to this i1s for irradiation and
testing in LN, where the transverse modulus falls off more
rapidly than éoes the transverse strength. The longitudinal
modulus also behaves differently here, remaining almost constant
with radiation exposure as the strength falls off drastically.
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Iv. DISCUSSION

4.1 Experimental Data

The longitudinal flexural strength primarily measures the
strength of the boron reinforcement filaments, the transverse
flexural strength measures the strength of the epoxy matrix of.
the composite, and the interlaminar shear strength gives a measure
of filament-to-matrix bonding (Refs. 3 and 4). Therefore,. the
more matrix-related strength properties are affected first by
radiation,as to be expected. The cross-linking of the epoxy
matrix by gamma rays probably dominates up to a dose of about
1011 ergs/g(c) if the thermal neutron fluence is less than 1016
n/cm2. This hardens and stiffens the matrix and apparently gives
better bonding with the boron filaments, but the embrittled
matrix also causes increased scatter in the measured longitudinal
strengths. Matrix degradation by alpha particles and lithium
ions from thermal-neutron reactigns in boron filaments apparently
begins to take over at around 1016 n/emZ, and the transverse and
shear strengths decrease significantly, but for a time this
allows the less brittle composite to develop more of the strength
of the boron filaments in the longitudinal direction (Refs. 5, 6,
and 7). Matrix properties are soon degraded to the extent that
reinforcement filaments can no longer be properly supported, how-
ever, and the longitudinal strength then falls away rapidly above
thermal-neutron exposures of 101§ n/em4, This loss of longitu-
dinal strength i1s, no doubt, enhanced by degradation of the boron
filaments themselves in this region of highest thermal-neutron
fluences. The transverse and shear strengths are found to be
strongly correlated, in general, but the transverse flexural
strength at LNz temperature is very little degraded for long
radiation exposures in LN, which severely degrade shear strengths,
and when this happens the longitudinal flexural strength drops
markedly; this suggests a relationship between the longitudinal
strength and the shear’strength, a plot of which is shown in
Figure 3. There appears to be little, if any, correlation between
the longitudinal strength and the transverse strength.

According to Figure 3, the longitudinal strength initially
increases gradually as the shear strength is reduced by radia-
tion exposure, but it peaks and then falls off extremely rapidly
once the shear strength falls below a value of about 4 ksi.
Having the correlation curve of Figure 3, which holds for all

96



259,
A |
v
230 F ® ﬁ\
210 -
-
kY
<~ 190F
o
3J
"]
e
a9 170k
49
/5]
i
©
5
5 150}
@
-
Fa
(!
# 130}
|
a
B
- A Irradiated in Air and Tested at RT
o 110"
9 W rradiated in Ho0 and Tested at RT
® Irradiated in LHy and Tested at RT
0F ® Irradiated in LN, and Tested in LN,
70 +
50 4 | L | 1 |
2 4 6 8 10 12 14 16

Interlaminar Shear Strength (ksi)

Figure 3 Dependence of the Longitudinal Flexural Strength of
Irradiated Boron-Epoxy Composite on its Interlaminar
Shear Strength

97



three specimen groups, the strength curves of Figure 1 are readily
understandable. The shear strength falls below 4 ksi for speci-
mens of group 3 at a smaller thermal-neutron fluence than it

does for specimens of group 2, and still a higher fluence is re-
quired to reduce the shear strength of group-1 specimens below
the 4-ksi value. Therefore, the longitudinal strengths of

Figure 1 fall off first for specimens of group 3, next for speci-
mens of group 2, and last for specimens of group 1. Figure 3

was used as an aid in drawing the longitudinal-strength curve of
Figure 1 for specimens of group 3.

It is interesting to note that the order in which the trans-
verse flexural strengths of Figure 2 fall off for the various
specimen groups is exactly the reverse of that for the longitudi-
nal strengths of Figure 1. The transverse strength holds up best
for group 3 in which specimens were irradiated and mechanically
tested in LNy without warmup. Here, the helium atoms introduced
into boron filaments by (n,e¢) reactions are *frozen' within the
filaments and cannot diffuse into the matrix of the composite,
so that transverse strengths should be less degraded in this
case. In the ambient-temperature irradiation of specimens in
group 1, helium atoms can more readily diffuse out of the fila-
ments and collect to form gas bubbles in matrix voids, and the
transverse strength i1s most severely degraded for this case.

For specimens of group 2, ‘helium atoms are "frozen' within the
filaments during the course of the irradiation in LH2 and are
then rapidly released when specimens are returned to room tempera-
ture for testing; this gives a matrix damage intermediate to the
other two conditions. In other words, for the same radiation
exposure, the transverse strength decreases for specimen groups
which give increasing helium concentrations in the epoxy matrix
at the time of testing, and the longitudinal strength decreases
for specimen groups which give increasing helium concentrations

in the boron filaments.

For most actual structural applications, composites having
boron filaments running in all directions would be used, so that
the two most important strength properties of unidirectional
composites applicable to such multidirectional composites wquld
be (1) the longitudinal flexural strength and (2) the interlaminar
shear strength. n the basis of these two strengths, the three
conditions of irradiation and testing would be rated according
to decreasing severity as follows: (1) irradiation and testing
at cryogenic temperature without intermediate warmup, (2) irra-
diation at cryogenic temperature and testing at RT, and (3)
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irradiation at ambient temperature and testing at RT. Boron-
epoxy composites in a nuclear-powered spacecraft using a hydrogen
propellant, for example, would be most susceptible to radiation
damage if irradiated and stressed while in contact with the
cryogen, they would be less damaged if irradiated in contact
with the cryogen and then slowly raised in temperature before
being stressed,* and they would be still less damaged if irra-
diated and stressed near room temperature.

The curves of Figures 1 and 2 were measured for continuous,
constant-flux irradiations in the various environments, |If these
same radiation exposures were achieved in a series of shorter
irradiations in the appropriate environments, as might occur with
the restartable NERVA engine, then mechanical properties of boron-
epoxy materials would still be expected to roughly follow the
degradation curves shown in the figures. Curves 2 and 3 for cryo-
genic irradiations should hold almost exactly, and curve 1 should
be approximately correct if irradiation times are long in com-
parison to the time required for specimens to reach equilibrium
temperatures during irradiation. Different degradation curves
would be expected if test environments were changed during cyclic
irradiations, of course, for the curves of Figures land 2 are
all for a given irradiation environment.

The lowest damage threshold for the most severe irradiation
environment on a particular mechanical property should still
define lower damage thresholds for cyclic irradiations in different
environments, however, for damage thresholds could only be raised
by switching to less severe environments (except possibly for
specimens warmed after irradiation in LN2). |If composite speci-
mens first irradiated to a thermal fluence of 1017 n/cm? in LH2
were allowed to gradually return to RT and were then irradiated

*Boron-epoxy composites irradiated in LNy disintegrate explo-
sively when removed from LNy and allowed to warm. This does not
occur in LHp, and an explanation for this behavior has not yet been
determined with certainty. However, it is believed to be caused by
the absorption and decomposition of nitrogen trioxide (NO3) which
is formed from small oxygen impurities (<20 ppm) in irradiated
LN2. The NOg radical probably forms and decomposes through the
chemical reactions NO * 0 + M—N03 + M and NO3 + NO3 —2NOy + 02.
The explosive decomposition of absorbed NO3 on warmup may well be
initiated by the pressure buildup from trapped helium gas in the
composite specimens.
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to an additional fluence of 107 n/cm2 at ambient temperature.

for example, then the longitudinal strength (at RT) should be
roughly twice that for a specimen irradiated to 2 x 1017 n/cm?
in LH2 and mechanically tested without warmup, assuming that the
property curves would not differ too much from curve 3 for irra-
diation and testing in LN2. Likewise, the interlaminar shear
strength should be considerably greater for the two-cycle irra-
diation, but the transverse strength should be only about one
half that of the one-shot irradiation of the same exposure dose.
Therefore, change of environments during cyclic irradiation can
greatly affect strengths of boron-epoxy composites, and rough
estimates of these temperature effects can be determined from
Figures 1 and 2.

4.2 Mechanisms of Damage

The boron nucleus has a large cross section for interacting
with a low-energy neutron and being "split™ into two high-energy
charged particles which on escaping from boron filaments are
extremely damaging to the epoxy matrix and its bonding with re-
inforcement filaments. Because of this nuclear interplay between
boron atoms and epoxy molecules of a composite, it is not possible
to determine reliable radiation-exposure thresholds for strength
degradations in a reactor field by considering only the gamma-ray
component'and its ionizing effects on the more radiation-sensitive
epoxy matrix of the composite.

Boron-10 atoms have a cross section of 3840 barns for absorb-
ing neutrons which are in energy equilibrium with atoms of a room-
temperature, low-absorbing medium with which the boron atoms have
an interface. An alpha particle is emitted when such a ""thermal®*
neutron (0.025 ev) iIs absorbed and the excited boron atom is trans-
muted into a lithium-7 ion. The charged particles from this (n,«)
reaction will divide an average kinetic energy of 2.34 MgV in in-
verse proportion to their masses, so that the He4 and Li/ ions
have average initial Kinetic energies of 1.49 MeV and 0.85 MeV,
respectively. These energetic charged particles have extremely
short ranges in boron filaments (<10x), but some of the charged
particles from reactions which take place near outer surfaces of
the 100-p filaments will escape and cause extensive ionization
damage over short ranges into the epoxy matrix of the composite,
and the bond strength between filament and matrix would seem to
be particularly sensitive to this type of intense localized damage.
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In any case, neutral impurity atoms of He®* and Li’ initially
rest in the near neighborhood of each (n,x) reaction site.

RS o BEiRGCABNYCEITS Tnbs ! {B58% 8 5 Fru B¢ ol o1 78RR
boron filaments at elevated temperatures and collect in matrix
voids at filament interfaces to form gas bubbles which grow dur-
ing irradiation (Refs. 8-12). These gas bubbles exert high
localized pressures which tend to cause separation of filaments
from the matrix. Thus, in summary , some few percent of the high-
energy charged particles from (n,a) reactions in boron filaments
promptly escape from the filaments and expend their remaining
kinetic energies in less than 10p of epoxy, where this energy is
largely expended in ionizing atoms of epoxy molecules over these
short ranges. Of the majority of the particles which are initially
stopped in filaments, another several percent of the gaseous-
helium atoms slowly diffuse out of the filaments during high-
temperature irradiations.

There are, then, two sources of damage from (n,«) reactions
at elevated temperatures, but the second of these sources is
largely eliminated in cryogenic irradiations where impurity atoms
are frozen into place after once coming to rest. This suggests
that there might be significant differences in radiation damage
of boron-epoxy composites between ambient and cryogenic irradia-
tions, and that the postirradiation temperatures at and prior to
strength measurement are likely to be important, as was found to
be the case.

The (n,a) cross section for nstural boron (19.8% Blo) s
essentially due entirely to the B0 isotope, so that the thermal

cross section for the average natural boron atom of filaments is
760 barns. Therefore, the mean free path of a thermal neutron

in natural boron is about 100p, the diameter of a boron filament,
so that virtually every such neutron which strikes a 15-ply com-
posite laminate undergoes reaction. In addition to the damaging
effects of reactor gamma rays on the epoxy matrix of a composite
reinforced with boron filaments, then, there is also thermal-
neutron damage which is sensitive to the temperatures at which the
composite specimens are irradiated and mechanically tested. More-
over, this thermal-neutron contribution is quite important in
strength degradation, since a great many low-energy neutrons are
produced in nuclear reactors and since all such neutrons incident
on composites undergoe (n,«) reactions. The (n,a) cross section
of natural boron is inversely proportional to the square root of
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the neutron energy (going as the reciprocal of velocity) for
energies below 165 keV, and does not depart too much from this
relationship for energies considerably higher. Therefore,

fast neutrons from reactors are not nearly so important a source

of radiation damage in boron-epoxy composites as are thermal
neutrons.
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V. CONCLUS IONS

Strengths of boron-epoxy composites are primarily affected
by gamma-ray and thermal-neutron components of reactor radiation.
The transverse flexural strength and the interlaminar shear strength
are improved by cross-linking of the epoxy matrix for ganma doses
below 1011 ergs/g(C), provided that the thermal-neutron fluence is
below some few 1015 n/em2. The thermal-neutron fluence begins to
dominate radiation effects on strengths above 1016 n/cm2, however,
and from there up to fluences of 1017 n/em2 the transverse strength
and the shear strength decrease rapidly, while the longitudinal
flexural strength increases somewhat. Finally, the longitudinal
strength begins to decrease rapidly somewhere above thermal-neutron
fluences of 1017 n/em2, and the other two strengths continue to
fall off.

The more important longitudinal strength is degraded at 1017
n/cm? only for specimens which are irradiated and tested at cryogenic
temperature without warmup; this threshold increases to 2 X 10{7
n/cm? when specimens are irradiated at cryogenic temperature and
mechanically tested at room temperature (RT), and it increases to
4 x 1017 n/em2 when specimens are irradiated at ambient temperature
and tested at RT. These damage thresholds correspond roughly to
the thermal-neutron fluences which are required to reduce the con-
trolling interlaminar shear strengths of the composites below about
4 ksi for the various temperatures of irradiation and testing.
Apparently, then, only a shear strength somewhat in excess of 4 ksi
IS required to develop the full strength of the boron reinforcement
filaments in a composite laminate.

The most important strength properties of unidirectional com-
posites which would be applicable to multidirectional composites
used in actual structural applications would be the longitudinal
flexural strength and the interlaminar shear strength. These two
strength properties appear to be interrelated for all temperature
conditions of irradiation and testing, and the more radiation-sensi-
tive shear strength seems to largely determine when the longitudinal
strength will be degraded, with the threshold being the 4-ksi shear
strength previously mentioned. On the basis of these two unidirec-
tional strengths, the three temperature conditions of irradiation
and testing for multidirectional composites would be expected to
rate in order of increasing severity as follows: () irradiation
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at ambient temperature and testing at RT, (@ Irradiation at cryo-
genic temperature and testing at RT, and (3) irradiation and test-
Ing at cryogenic temperature without warmup. Flexural strengths

of multidirectional composites would be expected to show little

degradation below a thermal-neutron fluence of 1 X 107 n/em?, no
matter what the temperatures of irradiation and testing, and they
might be adequate up to 1 x 1018 n/em? when irradiated at ambient

temperature and tested at RT.
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SUMMARY

A study has been made to examine and summarize the results
of other experimentors in regard to explosive materials and
bifuels which may be considered for RNS applications. The objec-
tive of the study was to determine the compatibility of candidate
materials with an expected maximum gamma-ray exposure of 2 X 109
ergs/gm(C) and to assess the importance of potential problems
that are not encountered in Saturn V applications.

The explosive materials considered are TNT, PETN, RDX, HMX,
DATB, and UDMH., The bifuel reducing agents considered for secon-
dary propulsion systems are hydrogen, hydrazine, and monomethyl-
hydrazine. The bifuel oxidizing agents considered are nitrogen
tetroxide and oxygen.

In many cases the various reported results on the effects
of radiation on explosive materials were found to be ambiguous
or mutually inconsistent. Such discrepancies are to be expected
in view of the dissimilar radiation sources used in the experi-
ments, the wide range of dose rate levels employed, and the
diversity of methods used to analyze such radiation effects charac-
teristics as volume and composition of evolved gas and impact
sensitivity changes .

It is possible, nevertheless, to draw some distinct infer-
ences from the available data. |In general, it appears that doses
on the order of 2 x 109 ergs/gm(C) do not produce catastrophic
changes in any of the explosives or bifuels that would normally
be considered for such applications. A summary of specific con-
clusions is given in Section IV.
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I. INTRODUCTION

This report contains a radiation effects evaluation of
some flight-qualified S-1I stage materials and components which
may be considered for possible pyrotechnic and auxiliary power
applications on a Reusable Nuclear Shuttle (RNS). The objectives
of this study were (1) to determine those pyrotechnic materials,
propellants and associated components currently contained in the
Saturn V which are suitable for use in the RNS environment; (2)
to examine and summarize results of radiation effects tests per-
formed by other experimentors regarding candidate explosive
materials and bifuels; and (3) to qualitatively assess potential
problems and, where possible, establish radiation tolerance
limits, i.e., the maximum radiation exposure to which the com-
ponent or material can be subjected without incurring significant
degradation in its material performance characteristics.

This report is directed to the potential problems associated
with:

1. Applications regarding explosive or pyrotechnic
materials for stage and equipment separation
systems .

2. Bifuels and pyrotechnic materials required for
the auxiliary propulsion and gas generation systems.

3. The effects of the nuclear environment inherent to
RNS missions on non-explosive organic materials
used in the ordnance systems of the S-II stage of
Saturn V. This investigation supplements the study
conducted under Contract NAS8-25848 and reported in
FZK-378 (Ref. 1),

For purposes of this analysis, the RNS mission is assumed
to be of two-years duration and require ten full-power engine
operations of the NERVA (1575 MW) reactor, each of 1-hour dura-
tion. The RNS configuration is based on the nuclear flight
system definition studies performed by McbDonnell Douglas (Ref, 2).
The explosive materials and systems contained on the S-I1 stage
of the Saturn V were selected as reference systems for performing
analyses on components representative of current liquid-hydrogen
fueled vehicles,
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I1. EFFECTS GF RADIATION ON EXPLOSIVES

The RNS and its supporting chemical boosters will require
explosive and pyrotechnic materials for various applications,
many of which are common to systems such as those contained on
the Saturn V vehicle, and some applications which are unique to
the RNS. The types of explosives that might be used and the
range of radiation environments to be considered can be illustrated
by considering a few of these applications.

Separation of Propellant Tank Stages. The use of explosives
as gas generators would be one method of performing this function.
In this application, the explosive materials would be exposed to
gamma doses as high as 2.5 x 10° ergs/gm(C) at rates as high as
2.5 x 108 ergs/gm(C)-h. Materials considered as possible candi-
dates include DATB, RDX, and PETN. As discussed later, none of
these materials have exploded prematurely in irradiation tests,
and each of these candidate materials has performed satisfactorily
in air at 20°C when subjected to radiation exposures greater than
that predicted. Only slight degradations were noted in these
tests; however, their response at low temperatures is unknown.

Equipment Separation and Replacement . The periodic replace-
ment of large equipment items such as the auxiliary propulsion
system could be achieved by the use of linear shaped charges and
explosive bolts. The explosive materials and the supporting
mechanical components should be capable of reliable operation to
gamma doses of up to 2 x 109 ergs/gm(C).

Space Capsule Separation. The separation of the manned cap-
sulewill require the separation of all lines and mechanical con-
nections to the propulsion system followed by operation of a
propulsion system to move the capsule away from the reactor.
Since the manned capsule will be located forward of the propel-
lant tanks and well away from the engine, the radiation exposure
will be relatively low. Nbo radiation effects problems with ex-
plosives are to be expected in this application.

The following subsections present a general discussion of
the effects of radiation on explosives and give experimental
data for several explosives believed to be the most suitable
for use on the RNS. An overall summary of the observed radiation
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effects i1s given in Table 1. In a number of cases data appearing
in various references are ambiguous or mutually inconsistent.

The Table 1 data correspond to the exposures and environments
which most closely approximate those expected in R\S applica=
tions.

2.1 General Radiation Effects on Explosives

2.1.1 Radiation Induced lgnition

Crystals of lead azide, silver azide, cadmium azide, silver
acetylide, and nitrogen iodide have exploded when irradiated
with an intense beam of electrons; however, the experimentors
have attributed this result to thermal effects (Ref. 3). Nitro-
gen iodide has also exploded under exposure to alpha particles
and fission fragments. This effect is believed to be due to the
relatively high linear energy transfer associated with irradia~-
tion by these particles. Exposure of TNT, HMX, and blends of
RDX and TNT to 90-usec neutron pulses from the Godiva reactor
failed to produce detonation even though the peak flux levels
were as high as 1x 1017 n/cm?-sec (Ref. 4). This neutron flux
is several orders of magnitude higher than the maximum fast-
neutron flux anticipated in regions outside of the NERVA.

Radiation induced ignition of explosives might be enhanced
at cryogenic temperatures by the possible formation and accumu-
lation of ozone, acetylene, and unstable reaction products. This
potential problem is considered later for RDX and generalized
conclusions are presented for other materials.

2.1.2 Pressure Buildup of Radiolytic Gases

Nuclear radiation causes the decomposition of organic ex-
plosives and the subsequent release of radiolytic gases. In
many instances, gases continue to be released after termination
of irradiation. Such evolution could result in excessive pres-
sure buildup in containers similar to those employed for storing
propellants for the auxiliary propulsion system. It could also
interrupt electrical continuity of explosive trains containing
encapsulated explosives if the end caps separate from the ex-
plosive.

Candidate auxiliary propulsion system oxidizers and propel-

. lants, e.g., monomethylhydrazine, nitrogen tetroxide, and UDMH
(unsymetrical dimethyl hydrazine) evolve radiolytic gases when
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subjected to nuclear radiation, In many instances these gases
are insoluble in the liquid phase and cause an Increase in pres-
sure (Ref, 5).

The resultant pressure rise can be approximated by

1l -
p = pl( ““)PR

resultant pressure rise in psia

standard pressure = 15 psia

ullage fraction

density of propellant (gm/cm3)

gas evolution (ml/gm at STP) which is a function
of both gamma exposure and time elapsed since
cessation of irradiation

o T
BN

{

The pressure rise is plotted in Figure 1 for UDMH at various
gas evolution rates. From data on the pressure rise induced in
UDMH at ullage fractions of 20% and 80% (Ref. 5), it_is found
that the gas evolution due to a gamma dose of 1 X 109 ergs/gm(C)
would be approximately 2 ml/gm. Figure 1 shows that the corres-

onding pressure rise at the predicted maximum exposure of ]
X 109 ergs/gm(C), corresponding to 4 ml/gm, would be approxi-

mately 400 psia at an ullage fraction of 10%. Several minor

design modifications are available to alleviate this problem :

1. The propellants could be stored in a region of
lower radiation intensity.

2. Vent valves could be installed which would periodi-
cally be actuated to release gases formed due to
decomposition of propellants,

3. The tank struéture could be reinforced for the
higher pressures .

The pressure rise for the other candidate materials could
be sufficiently large to cause structural damage. This problem
must be investigated in more depth when materials are selected
and the propellant storage systems are designed,
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Figure 1 Pressure Rise Due to Off-Gassing of UDMH
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2.1.3 Formation of Corrosive Products

Nuclear radiation causes the decomposition of organic ex-
plosives resulting in the production of radiolytic gases and
other reaction products. 1In systems such as the auxiliary
propulsion system, these gases and reaction products could come
into intimate contact with seals, gaskets, and O-rings of
Teflon TFE and FEP, Kel-F, Buna N, and Viton - A. However, tests
performed at 20°C resulted mainly in the formation of gases
such as H,, N, N0, NO, CO, CO2, and HyCO - none of which are
corrosive or harmful to organic compounds. Although the radia-
tion-induced evolution of NOj is theoretically possible in
many cases and this gas and its related products are often cor-
rosive, only the data on the irradiation of PETN suggest that
nitrogen dioxide is produced (Ref. 4). Inasmuch as a spot test
on irradiated PETN gave a strong indication of NO and/or NO;,
this material should be regarded as a possible source of corro-
sion in materials that are attacked by nitric acid.

2,2 Radiation Effects Test Data

The explosives investigated in this analysis are complex
nitrogen-containing organic compounds with an inherent high
degree of chemical instability. Considerable experimental work
bhas been performed to investigate the effects of radiation on:

1. Gas evolution, both during and after irradiation

2. Peak pressure during detonztion

3. Propagation velocity

4. Impact sensitivity

5. Melting point

6. Auto-ignition temperature

7. Weight loss

8. Explosive power

Most of the experimental data are for explosives irradiated

and tested in air at room temperature. Since the RNS environ-

ment would be much different, comments regarding the limitations

of the data are included in i—hn <Fn11nn1ncr digecuggsionsg,
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The Saturn V ordnance system uses PETN and RDX explosive
materials. Four additional materials that are representative
of explosives that' could be used on the RNS - TNT, HMX, DATB,
and UDMH = have been included in the study.

2.2.1 TINT

Although 2,4,6 Trinitrotoluene (TNT), which 1s the most
widely used explosive, is relatively radiation resistant and
has been irradiated and tested by more experfmentors than any
other explosive material, it is doubtful if TNT will be employed
for RNS applications due to improved characteristics possessed
by other explosives. It is included primarily for purposes of
comparison.

TNT has been irradiated to exposures as high as 1 x 1oL
ergs/gm(C) at several temperatures ranging between 230% and
344% (Refs. 6 and 7). The volume of gas evolved during irra-
diation, which, to a certain extent, is an indicator of decompo-
sition, is quite small for TNT when compared to other explosive
materials. Gas evolution, which stops when irradiation is
terminated, 1S shown in Figure 2 at three different temperatures.
These data illustrate that gas evolution varies directly with
temperature, thus implying even greater radiation stability in
the RNS environment than the data below indicate.

Although the color of TNT changes considerably and minor
changes occur in the elemental composition of TNT as a result of
irradiation, it is believed that TNT would be relatively un-
affected at the maximum exposure anticipated for components
located above the reactor/propellant tank interface, i.e.,

2 X 107 ergs/gm(C). At this exposure, nuclear radiation affects
TNT as follows:

Gas volution 0.04 ml/gm at 230% and considerably
less at RNS temperatures. Gas evolu-
tion stops when irradiation is

terminated.
Melting point approximately 3°C decrease.
Weight loss less than 1%o.
Impact sensitivity characteristics relatively

unaffected .

Sand-test relatively unaffected.
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Radiation effects test experience with TNT is summarized
below:

A. TNT irradiated in a pure gmmma environment to
1x 1011 ergs/gm(C) showed a 17°C decrease in melt-
ing point and its decomposition, as determined by
chromalographic analysis, amounted to approximately
3% (Ref. 6).

2.  When irragiated at room temperature to an exposure
of 9 X 107 ergs/gm(C), TNT exhibited a 5°C decrease
in melting point and a weight loss of approximately
1%ohowever, no decomposition products were noted
during melt tests (Ref. 6). The decomposition exotherm
showed a decrease of about 15°C at this exposure.

3. TNT was exposed to high radiation fluxes (fast-neutron
flux = 1 x 1017 n/cm2-sec and a gamma dose rate of
5 x 1012 ergs/gm(C)-h) during a 90-usec pulse of the
Godiva 11 reactor. Examination of the sample showed
negligible damage, and in particular none of the
samples exploded during irradiation (Ref. 4).

4. 'impact sensitivity tests indicated a slight decrease
in sensitivity for TNT irradiated at 210°K and a
slight increase for that irradiated at 310%. The
height of fall required for detonation changed from
150 em to 160 cm for TNT irradiated to 2.4 x 1010
ergs/gm(C) at 210%; when irradiated to 5 x 108
ergs/gm(C) at 210° and 310% the impact distances
were 166 and 144 cm, respectively (Ref. 4).

5. The explosive power of TNT as measured by its sand
crushing ability (the weight of sand crushed by a
200-gm bomb) was_relatively unaffected after an ex-
posure of 2 X 1010 ergs/gm(C) (Ref. 7).

6. A decrease in the melting point of 1.2°C after an
exposure of 2 x 1010 ergs/gm(C) indicates the
presence of about 2 wt% of impurity formed as a
result of irradiation.
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2,2.2 PETN

Pentaerythritoltetranitrate (PETN) is a high explosive
which is employed throughout the Saturn V ordnance system. It
is used in safety and arming devices, fuse assemblies, and
ordnance tees. It is a candidate for similar RNS applications.
PETN is regarded as one of the most stable organic esters of
nitric acid and has a high velocity of detonation; however, it
is much less stable than TNT, HMX, and DATB when evaluated on
the basis of radiation induced decomposition and gas evolution.
Based on the data presented below, it is believed that the
characteristics of PETN, when irradiated to the maximum exposure

predicted for re%if)ns abgve the re_a]ctor/propellant tank inter-
face, 1.,e., 2 x 10/ ergs/gm(C), will be affected as follows:

Melting point decrease by approximately 3°C,
Weight loss approximately 0,4%.
Gas evolution 0.5 ml/gm at 290%; however, the

volume of gas evolved by PETN could
be considerably less at the RNS
temperature.

Impact sensi- relatively unaffected.
tivity

Radiation effects test experience with PETN 1s summarized below:

1. The data in Table 2 indicate significant decreases
in melting point are experienced by PETN.

2. The decomposition of PETN increases rapidly with
exposure as indicated by Table 3, Based on data
concerning Pentolite (50/50 mixture of PETN and
TNT), off-gassing is believed-to continue after
termination of irradiation.

3. A chemical analysis of decomposition gases are
presented in Table 4, None of these decomposition
products are considered corrosive or present any
potential hazard to components located adjacent
to PETN. However, a spot test of an irradiated
sample gave a strong indication of NO; and/or NO, ,
which implies that irradiated PETN may not be com-
patible with materials that are attacked by nitric
acid,
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MELTING POINT OF

Table 2

IRRADIATED PETN

Gamma Neutron Fluence Decrease in
Exposure E >0.18 MeV Melting Point Ref.
(ergs/gm(C) (n/cm?) (°c)
3 x 109 2 x 1013 3 6
5 x 109 - 4 7
6 x 109 7 x 1015 7 6
2 x 1010 - 10 6
2 x 1010 2 x 1016 11 4
Table 3
GAS VOLUME AND WEIGHT LOSS OF IRRADIATED PETN
Gamma Neutron Fluence Gas Volume Wt. Loss
Exposure E>0.18 MeV Evolved (%) Ref.
(ergs/gm(C) (n/cm?) (ml/gm)
5 x 108 9 x 1013 0.3 0.2 4
1 x 107 - 0.2 - 8
2 x 109 - 0.5 - 8
3 x 107 - 1.0 - 8
4 x 109 - 2.7 - 7
4 x 109 - 2.4 - 8
2 x 1010 2 x 1016 - 10.5 6
2 x 1010x 5 x 1015 71.7 13.8 4
*Irradiated at -80°F
Table 4
GAS COMPOSITION OF IRRADIATED PETN
Radiation | Ref, Composition (mole percent)
Exposure Hp(CHy) Nz N0 NO CO COp H20
a 4 6 29 3 22 17 0 5
b 4 1 23 19 - 5 53 -

a5 x 108 ergs/gm(c) and 9 x 1013 n/cm?
bz x 1010 ergs/gm(C) and 5 x 1012 n/cm?
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4, Impact sensitivity tests performed on PETN indi-
cated a slight decrease in sensitivity after
irradiation. The drop~height distance required to
initiate detonation increased from 13.0 cm to 13.2
cm after irradiation to 5 x 10 ergs/%m(c) and to
13.8 an after irradiation to 2.4 x 1010 ergs/gm(C)
(Ref. 4).

5. After an exposure of 2 X 1013 n/em? (E >0.18 MeV)
and 3 x 102 ergs/gm(C), PETN liberated red fumes

indicating NO2 during the melting point determina-
tion (Ref. 6).

6. Microscopic_examinations of the sample irragiated
to 5.0 x 108 ergs/gm(C) and 8.7 x 1013 n/em
(E >2.5 MeV) revealed only minor changes in color
or opacity of the crystals, However, for samples
irradiated to 2.4 x 1010 ergs/gm(C) and 4.8 x 1015
n/cm? (E>2.5 MeV) the most prominent changes were
the changes in transparency of the crystals. The
original crystals were clear except for gross im-
perfections while the irradiated crystals were white
and opaque. Numerous small voids could be seen in
the crystals of these materials (Ref. 4).

7. IR spectra run on the 2.4 x 1010 ergs/gm(C) and
4.8 x 1015 n/cm? specimens showed distinct changes
after irradiation consisting of increased OH-
stretching absorption and new bands in the carbonyl
region at 5,754 (Ref. 4).

2.2.3 RDX

Cycletrimethylene trinitramine (RDX) is employed throughout

the Saturn V ordnance system in exploding bridge wire (EBW)
detonators, linear shaped charges, and destruct assemblies.
RDX is considered to be a prime candidate for similar RNS func-
tions. At the maximum exposure predicted _in regions above the
reactor/propellant tank interface (2 x 109 ergs/gm(C) ), it is
estimated that RDX will be affected as follows:
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Melting point decrease by approximately 1°c.

Weight loss approximately .0.7%.

Gas evolution 3.5 ml/gm at 18°C. (Gas evolution

should be considerably less in the
RNS environment .)

Impact sensi- approximately 10% increase in sensi-

tivity - tivity.

Radiation effects test experience with RDX is summarized below:

1.

Data regarding the effects of radiation on the
melting point, weight loss, and gas evolution are
presented in Table 5,

Various blends of RDX with Kel-F and TNT showed
no evidence of any s;nercnstlc effect c%used by
high dose rates (1017 n/em? and 5 x 1012 ergs/gm(C)-h)
during a 90-usec pulse of the Godiva reactor (Ref. 4).

In one set of reported results for -80°F and at
+100°F (Ref. 4), the drop-weight impact sensitivity
decreased with increasing radiation, requiring a
drop height of 29.4 an for detonatlon after an
exposure of 2.4 x 1010 ergs/gm(C) and 4.8 x 1013
n/cm? at -80°F as compared to a drop height of 22.8
an for the unirradiated material. However, in
other exgeriments ?t amblent temperat (Ref.

a gamma exposure o 109 ergs gmk’c‘f caused n’l—
creases of impact sensitivity which varied from 10
to 60%.

RDX evolved relatively large amounts of gas (1.8 ml/gm)
during a 44-day irradiation to 4.4 x 109 ergs/gm(C);
it continued to evolve 1.5 ml/gm during the first

20 days after the irradiation and 1.0 ml/gm during

the next 20 days (Ref. 7). 1In this set of experi-
ments the colorless gas evolved was found to be a
mixture of Ny, CO2, and a small percentage of Hjy.
Tests for ammonia, nitrogen oxides, oxygen, and carbon
monoxide were negative (Ref. 7). 1In other experi-
ments (Ref 4), RDX irradiated to 2 x 1010 ergs/gm(C)
and 1016 n/cm? was found to evolve N0 in the amount
shown in Table 5.
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5. The explosive power of RDX as measured by the sand
test was unchanged after an exposure of 4.4 x 102
ergs/gm(C) (Ref . 7).

6. RDX evolved a very strong odor reminiscent of a
hydroxylamine derivative (Ref. 7).

7. A microscopic examination of irradiated RDX showed
the same structural changes, viz., numerous small
voids, as reported for PETN (Ref. 4).

On the basis of maximum free energy charges, the gamma
irradiation of RDX might be expected to promote the net reaction

(CHz)3 N3(NO2)3 +7v — (2Np + COp + Hp0) + (NpO + 2HCHO)

This reaction is consistent with the fact that the observed Ny
yield (Ref. 4) is about twice the C0Oy yield. The product
represented by the last term on the right, formaldehyde, tends
to form stable polymers and would not show up strongly in the
gas analysis. However, the above reaction indicates that N0
would be evolved to about twice the extent given in Table 5.
It is therefore possible that RDX irradiation also leads to
net reactions such as

(CHz)3 N3(NO2), +7 — (2N2 + COy + H20) + (2CNOH + H,0)
and

(CHp) 4 N3(NO2)5 + 7 — (2N, + CO2 + Hy0) + (CNOH + CO + NH,OH)

Cyamelide, CNOH, forms a polymer which is a stable solid at
ordinary temperature. The latter reaction would explain the .
appearance of CO and the indication of hydroxylamine, NH,OH.
The latter compound melts at 34°Cc, boils at 110°C and explodes
at 130°C. It is therefore conceivable that an accumulation of
NHoOH could increase the impact sensitivity of RDX in accord
with some of the available data (Ref. 7).

124



If RDX were irradiated at cryogenic temperature it 1S con-
ceivable that a number of intermediate reaction products which
lead to the above net reactions at normal temperatures could
be stabilized. Although these intermediates might include
potentially explosive products such as 05, NgH,, and CyHy~0y
mixture, it is doubtful that the concentrations of these would
be large enough to effect a large increase in impact sensitivity.
In the case of ozone, for example, it is known that the G-value
for radiation induced destruction is over twice as large as the
G-value for ozone production (see Sec. III).

2.2.4 HMX

Tetranitrooctahydro - 1,3,5,7 - tetrazocine (MX) iIs a
high explosive which has potential application in detonators
and destruct assemblies. At the maximum exposure predicted_in
regions above the reactor/propellant tank interface, 2 X 102
ergs/gm(C), it is believed that HMX will be affected as follows:

Melting point decrease by approximately 3°C.
Weight loss approximately 0.6%.
Gas evolution 0.3 ml/gm at 18°C; however, gas

evolution could be considerably
less in the RNS environment,

Impact sensi- not affected.
tivity

Radiation effects test experience wfth HMX and a mixture of
HMX/EXON (95%/5%) is summarized below:

1. Data regarding the effects of radiation on the
weight loss and gas evolution are presented in
Table 6. A decrease in melting point of 9°C was
reported for the irradiation of HMX to 2 x 1010
ergs/gm(C).

2. The impact sensitivity of HMX was not affected when
irradiated and tested at 5 x 108 ergs/gm(C) and
also at 2.4 x 1010 ergs/gm(C); however, the HMX/
EXON (94/6) material exhibited approximately a
15%reduction in detonation sensitivity at the
higher exposure.
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3. HMX was subjected to hn§h radlatlon rates (fast
neutron fluences of 1017 n/cm? and a gamma dose
rate of 5 x 1012 ergs/gm(C)-h during a 90-usec
pulse of the Godiva reactor with no evidence of
any synergistic effects or radiation induced
detonations (Ref. 4).

4. Based upon chemical analyses, etc., Ribaudo et al.
concluded that HMX/EXON is slightly more stable
to reactor irradiation than TNT or PETN (Ref. 6).

2.2.5 DAIB

Diaminotrinitrobenzene (DATB), based upon a few irradiation
experiments performed to date (Ref. 6), IS the most radiation
resistant explosive and has a high potential for RNS applica-
tions. At the maximum exposure predicted_in regions above the
reactor/propellant tank interface, 2 X 107 ergs/gm(C), radiation
should not measurably affect the physical or chemical proper-
ties of DATB.

Radiation effects test experience with DATB is as follows:

1. After an exposure of 2 x 1010 ergs/gm(C) and 2.0 X
1016 n/en? (E >0.18 MeV), the weight loss was about
0.2%, the melting point decreased by 2°C, and_there
was some evidence of decompo&ition, at 9 x 1010
ergs/gm(C) and 1x 1017 n/cm® (E >0.18 MeV), the
weight loss was 0.7% and the melting point decreased
by about 4°C,

2. Infrared spectra for irradiated DATB samples show
no evidence of decomposition and x-ray diffraction
data do not indicate any solid decomposition
products.

2.2.6 UDWMH

Unsymmetrical dimethyvlhydrazine, NHZN(CH3)2, has been irra-
diated to a dose of 1x 102 ergs/gm(C) (Ref. 5.° The composition
of the propellant was not significantly affected by this expo-
sure, although Hp, N2, and CHy gases were evolved. On the basis
of pressure rise, it IS estimated that the total gas evolution
for this exposure was 2.0 ml/gm,
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I1I, EHECTS OG- RADIATION ON BIFUELS

The RNS system will require an auxiliary propulsion system
for: (1) vehicle attitude control during powered flight in
the roll axis, (2) vehicle attitude control in the pitch yaw
and roll axes during coast periods, and (3) thrust to settle
main stage propellants both before and after each main engine
operation.

Conceptual designs for the APS include an APS similar to
that presently employed for the S-IVB stage of the Saturn V
vehicle, i.e.,, two modules located 180 degrees apart on the
aft end of the vehicle, each containing four hypergolic engines,
three 150-1b thrust attitude engines, and one 70-1lb thrust
ullage engine. Each APS module contains its oamn propellant
supply and pressurization system. The hypergolic propellants
used by the engines are monomethylhydrazine (MMH) for the fuel
and nitrogen tetroxide (NoO4) for the oxidizer. Helium is the
pressurant used in the system.

The Saturn V gas generation system, which is a hypergolic
fueled engine, produces gases for starting the turbopumps as
well as pressurizing the hydraulic system reservoir and valve/
seal system. A similar system could be employed in the RNS for
pressurizing the hydraulic and pneumatic systems as well as
being a backup system for pressurizing the LH, tanks if the
boil-off rate is less than required,

A radiation hardening analysis for all radiation sensitive
materials, components, and systems which might be employed in
such RNS applications - excluding the propellants and solid
motors - is presented in Reference 1. The effects of radiation
on some bifuels that might be used for auxiliary power are dis-
cussed below.

Of bifuels that have been considered for secondary propul-
sion applications, the gaseous 02/Hp combination has received
the most attention in regard to application on the nuclear
stage. The advantages of this system are reasonable performance,
absence of ignition problems, and a well-developed Apollo-based
technology. However, the preferred method of storage of these
components, viz., supercritical storage, requires superinsulated



storage tanks and a series of heat exchangers, and gas generators
to maintain tank pressure during the mission. It is therefore
conceivable that another combination of oxidizing and reducing
agents might be used, e.g., nitrogen tetroxide and monomethyl-
hydrazine, or nitrogen tetroxide and hydrazine.

The combinations of oxidizing and reducing agents cited
above could be stored separately and employed as true bifuels,
or they could be stored in combination as hypergolic monofuels,
Unfortunately, no irradiation data are available for hypergolic
mixtures of oxidizing and reducing agents. It is quite possible
that the effects of radiation on such mixtures could include
spontaneous detonation. Since nitric oxide (NO) is probably
a decomposition product in the irradiation of Nj04 and since
even as stable a compound as ammonia burns easily in the pres-
ence of NO (Ref, 9), it is reasonable to expect that the ignition
temperature of a NpOg/hydrazine mixture might be drastically
lowered by irradiation, especially if NH and NH2 radicals were
produced in addition to NO.

In the following discussion, the effects of radiation on
pure oxidizing and pure reducing agents are considered separately.
Reducing agents are discussed first.

3.1 Reducing Agents

3.1.1 Hydrogen

The irradiation of hydrogen produces radicals such as HE
and H which recombine rapidly to form H, molecules, Althougg
some evidence exists for a relatively long-lived Hy state in
irradiated liquid hydrogen (Ref. 10), there is no direct experi-
mental evidence that the energy stored in this way is signifi-
cant. It i1s possible that species such as H or H3 could carry
over to an 02/H2 mixture and thereby lower the ignition tempera-
ture by accelerating the production of HO radicals, which
process determines the ignition point, but such an effect would
not constitute a problem.

3,1.2 Hydrazine

The radiation induced decomposition of solid hydrazine at
. liquid nitrogen temperature has been investigated using 20-keV
' electrons and ions of undetermined energy (Ref. 11). A stepwise
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evolution of Hy, Ny, and NHp was noted during warmup of the
irradiated samples, the appearance temperatures being 113%
for Hy and Ny and 1469K for NHp. The results indicated the
presence of triazene which decomposed according to

Hy-N-N = N-H— NH3 + N,

Irradiation of liquid hydrazine to 1X 109 ergs/gm(C) with co%0
gamma rays (Ref. 5) resulted in the evolution of N2 and Ha
gases. On the basis of the observed pressure rises it is in-
ferred that the total gas evolution was about 1.5 ml/gm,
According to these results, there_is no reason to expect that
the irradiation of NpHg, to 2 x 109 ergs/gm(C) or less will

have detrimental effects on its use as a reducing agent.

3.1.3 Monomethvlhvdrazine

No data are available on the effects of radiation on mono-
inethylhydrazine. This compound. NH,NHCH3, IS expected to be
slightly less stable than the dimet%yl compound UDMH (see Sec.
2,2,6), viz., H2, Ny and CH,. As in the case of UDMH, no signi-

flcant degradatlon of monomethylhydrazine is expected for doses
X 109 ergs/gm(C) or less.

Only two oxidizing agents are expected to be considered
for use with the above reducing agents. These are nitrogen
tetroxide and liquid oxygen.

3.2 Oxidizing Agents

3.2.1 Nitrogen Tetroxide

Nitrogen tetroxide is the dimer of NOp to which it partly
dissociates in the gas phase. Fission fragment irradiations
of the monomer have revealed (Ref. 12) an unusual mode of de-
composition, namely, that the G-value for NO, destruction varies
from G = 0.5 molecules per 100 eV at a dose of 5 x 107 ergs/gm(C)
to G = 1.2 molecules per 100 eV at a dose of 3 X 1011 ergs/gm(C).
The explanation of this effect is that after long exposures the
NO, starts to be "autocatalytically" decomposed by the radiation
induced secondary decomposition of its products. The assumed
reactions axe:

+ . .
NO, + E—NOy + e

NOT + e”—~NO + O
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No; T e~ N + 20
N+N+M=N, + M
Ny + E-—>2N

NO, + N-—2NO

No, + N—=N,0 + 0

The radiation products are therefore NO, Nz, 0, and NpO0. These
last three products were also evolved from neutron irradiated
NOy, (Ref. 13) in the proportions Np:09:N,0 = 1:1:2,

Irradiation of NZ% in the liquid phase to a dose of
1x 109 ergs/gm(C) (Co®0 gamma rays) resulted in the evolution
of NO and N20 gases with only slight decomposition of the
sample (Ref. 5). But in another irradiation of N9pO4 by gamma
rays, the evolved products were found to be Ny and N20 in the
proportions Np:No0 = 2:1 (Ref. 14). The G-value for N20
destruction in the latter experiments was found to be onfy
G = 0.075 molecules/100 ev. On the basis of this G-value, it 1Is
found that the destruction of N304 due to a gamma ray dose of
2 x 109 ergs/gm(c) would only amount to about 0.01%.

3.2.2 Liquid Oxygen

The exposure of liquid oxygen and LO2-LNy mixtures to ioniz-
ing radiation has long been known to produce ozone. The mole-
cular yields of 03 produced by the irradiation of liquid oxygen
have been investigated by Brown and Wall (Ref. 15), who found
that the 03 yield for Cob0 gama rays is about G, = 6 molecules
per 100 eV. They also determined that radiation destroys ozone
molecules with a G value of Gp = 26 molecules per 100 eV deposited
in the ozone fraction of an LO2-LO3 solution. From these results
it can be shown that the ozone concentration in liquid oxygen
after an irradiation time t is

G .
n = Epaﬂ (1 - exp (4.8 x 10713 gpEe))
D

where

=]
L}

number of moles of ozone per cm3

o
L

density of LOy (gm/cm3)

[eo ]
1}

dose rate (ergs/gm(C)-h)
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From the above values it is found that the limiting ozone con-
centration for any dose rate level is

PG 2
n,, Zg—é-g 0.00442 moles/cm

This value represents an ozone fraction of about 14%in the LOg-
LO3 solution. Actually the solution would separate into a two-
phase liquid at an ozone level of about 12%, thereby forming a

highly explosive ozone-rich phase (Ref. 16).

However, for a maximum dose of only £t = 2 x 10°
ergs/gm(C) the time dependent equation shows that n = 1.1 X 10"4‘,
corresponding to an ozone fraction of only 0.35%. Since this
value is well below the explosive limit for ozone-oxygen mixtures,
it can be concluded that use of liquid oxygen as one component

of a bifuel cannot lead to an ozone explosion in RNS applica-
tions .
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IV . CONCLUSIONS

It is concluded that for the 2 x 10° ergs/gm(C) maximum
dose expected in RNS applications:

1.

2,

None of the explosive or pyrotechnic materials
considered for R\S applications will explode.

None of the materials considered will undergo an
appreciable reduction in impact sensitivity or
explosive power (the impact sensitivity of RDX
may increase by about 10%).

All of the materials considered can be expected

to evolve stable gases at levels ranging from
0.4 ml/gm for TNT to 4 ml/gm for UDMH; adequate
allowance for possible pressure rises accompanying
such evolution must be made by the installation

of vents or by reinforcing the tank structures.

Corrosive radiation products are expected only in
the case of PETN; irradiated PETN may be incom-
patible with materials that are attacked by nitric
acid.

In regard to the effects of a 2 X 109 ergs/gm(C) dose
on the oxidizing and reducing agents which may be considered
for bifuels, it is concluded that:

5.

None of the candidate materials will be degraded
significantly .

In the case of liquid oxygen, a potentially
explosive compound, namely ozone, will be produced,
but the ozone/oxygen ratio will be well below that
corresponding to separation into two liquid phases
and no explosion can occur.
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APPENDIX A

RADIATION EFFECTS ANALYSIS OF NON-EXPLOSIVE
MATERIALS |IN SATURN V ORDNANCE SYSTEMS

Components and systems of the S-II stage of the Saturn V
vehicle which contain pyrotechnic materials were selected as
reference systems for analysis since they are representative
of systems envisioned for liquid hydrogen fueled vehicles.
The purpose of this analysis was to determine those components
which can be used as designed, or present the modifications
necessary to radiation harden them for analogous RNS applica-
tions.

Ordnance systems that are used on the S-II stage of the
Saturn V have been identified and analyzed to determine the
effects of radiation on the non-explosive constitutents of these
components.

A.l Radiation Hardening Procedures

The analysis of the non-explosive radiation sensitive
materials is basically an extension of work previously reported
in Reference 1, which analyzed the effects of radiation on
mechanical components of the S-II and S-1VB stages of Saturn V.
The radiation hardening procedures employed, which are the same
as those described in Reference 1, are summarized below:

1. S-II stage assembly drawing V7-000002-2691 was
examined. All components and systems containing
explosive materials were identified and selected
for detailed investigation.

2. The radiation-sensitive materials contained in
each selected system and their applications were
identified.

3. Each of the materials identified in step 2 (except
the explosives) had previously been investigated
(Ref. 1). The recommended radiation tolerance
limits (Table A-1), i.e., the maximum radiation
exposure to which the material, when employed in a
particular application, can be exposed without in-
curring significant degradation in its physical or
mechanical properties are identical with those
determined in Reference 1.
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Table A-1

RECOMMENDED RADIATION TOLERANCES FOR ORGANIC
MATERIALS IN S-II ORDNANCE SYSTEMS

Material Application Recom. Tolerance
(ergs/gm(C))
Diallyl Phthalate Insulation, electrical 2 x 1010
Epoxy Adhesive 1 x 1010
Potting 2 x 1010
Mylar Insulation, electrical 1 x 1010
Nylon Fabric, tape 3 x 109
Polysulfide Rubber Adhesive 5 x 102
Polyurethane Insulation 1x 1010
Polyolefin, Irradiated | Tubing 3 x 107
Polyvinylchloride Sleeving 4 x 10°
Silicone Rubber O-ring 8 x 108
Insulation, electrical 1 x 107
Spacer, tubing, potting 9
molding ; 2 x 10
Adhesive 1 x 1010
Teflon TFE Backing strip 5 x 107
Insulation, electrical 1 x 108
Washer 1x 108
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4. Each component or subsystem analyzed was examined
with respect to its relative placement if it were
utilized on the RNS. The predicted nuclear environ-
ment of each Saturn V component and system was de-
termined by superimposing the assumed locations of
each component onto the predicted RNS radiation
flux profile shown in Figure A-1.

5. The recommended |imit for each component was estab-
lished by the lowest recommended radiation toler-
ance of material applications critical to flight
safety or the functional performance of the speci=
fic component.

6. The recommended tolerance for each component was
then compared to the predicted nuclear environment.
If the tolerance exceeded the predicted environ-
ment by a factor of ten or more, it was considered
suitable for the application under investigation
and no additional analysis was performed. |If the
recommended tolerance was at least as great as the
predicted environment but exceeded it by less than
a factor of 10, a radiation hardening procedure was
considered desirable. Radiation hardening was con-
sidered mandatory for all critical applications if
the recommended tolerance did not meet the predicted
environment. Modifications were recommended for
both critical and non-critical applications; however,
the assigned classification for non-critical appli-
cations 1s denoted ""non-critical."

The assumptions used in this analysis result in what is
probably a worst-case since the maximum radiation levels (un-
attenuated) for 10 hours of engine operation were used, and the
recommended radiation tolerances for each material application
were chosen to be conservative.

The analysis is assumed to be unaffected by the time se-
guence in which the total dose is applied. The effects of
shorter operating times or different. reactor power levels can
be evaluated simply by scaling down the given doses. This, of
course, ignores the possibility of more serious adverse effects
resulting from periodic engine operation spread over a period
of, say, three years. 1t can be presumed that material degra-
dation resulting from other environmental or operational factors
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would act in addition to the radiation, but the consequences
of cyclic operation are largely unexplored, However, radiation
induced changes in organic materials are irreversible and
annealing does not occur, so in this respect the assumption of
accumulation of dose is valid. Also, vacuum and cryotempera-
ture alter (usually favorably) the radiation response of some
organic materials.

Radiation hardening was accomplished primarily through
material substitution, i.e., replacing the radiation sensitive
materials which have low recommended tolerances with radiation
stable materials have mechanical properties thought to be
compatible with the requirements of the particular application;
however, i1t i1s recognized that redesigning a component with new
materials to have the same operating characteristics and size
envelope as originally designed may not be easy. Material pro-
cessing techniques, which may have been the criteria employed
in the original material section, might prevent usage of
materials selected on the basis of radiation stability. Engi-
neering judgment was the basis for recommended material substi-
tutions; however, the component or material might be required
to satisfy a unique design or system requirement, Therefore,
component designers, familiar with all design aspects, must
examine the recommended design modifications and in some instances
must select alternate materials.

A.2 Radiation Environment

The nuclear radiation environment employed in this analysis,
Figure A-1, is from Reference 1. 1t was based upon an extrapo-
lation of data for the 1575-MW NERVA-I full-flow engine (Ref.

17) assuming a total of 10 hours of full-power engine operation.
The radiation flux data are unattenuated (by fuel or structure),
thus providing additional conservatism in the analysis,

A3 S-V Ordnance System Components

Table A-2 lists the radiation sensitive components contained
in the S-I1 stage ordnance system. The recommended radiation
tolerance Iimits for all material applications (except explosive
materials) are based upon limits established in Reference 1.
These ancillary materials and components can be radiation hardened
by the modifications recommended in Table A-3 such that reliable
performance of these non-explosive materials_and components can
be expected at gamma exposures up to 1 X 1010 ergs/gm(C).
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FORBACRD

The test described in this report is a part of the tech-
nology studies conducted at the Nuclear Aerospace Research
Facility in support of nuclear rocket development. The test
article, a polyurethane foam insulated tank (5400-gal RIFT-model
tank) had originally been prepared by MSC for an irradiation
test with liquid hydrogen. However, subsequent events precluded
the use of the Aerospace Systems Test Reactor for performing
the irradiation. Therefore, the various materials and devices,
other than the foam insulation, which had been scheduled as an
integral part of the RIFT tank test were irradiated by means of
the Ground Test Reactor. The objectives of these tests were met
and are reported in General Dynamics reports FZK-372 (pressure
transducers), FZK-386 (liquid-level sensors and fission thermo-
piles), and FZK-387 (valve-seal materials).

The foam thermal insulating material, CPR 285-2, had been
irradiated and tested previously on a smaller liquid hydrogen
tank, and although the larger RIFT tank could not be irradiated,
it was decided that a useful test would be the thermal cycling
of the large insulated cryogen tank to evaluate the ability of

the foam to retain its integrity under the stress of thermal
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and pressurization cycling. The tank was therefore subjected
to five fill, drain, and warmup cycles using liquid nitrogen

as the cryogen. Temperature, boiloff, and strain measurements

were used to aid in the evaluation.
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SUMMARY

A 5400-gal RIFT-model tank (9-ft diameter and 15-ft height
with a conical bottom) insulated with a 2-in.-thick layer of
sprayed-on polyurethane foam insulation has been thermal cycled
with liquid nitrogen. Five fill, drain, and warmup cycles were
conducted over a period of about a month. During each fill with
LN, , temperatures were measured at several levels in the insula-
tion and the tank was pressurized to a maximum of 27 psi.
Although there was considerable wrinkling and puckering of
the outer glass cloth covering over the foam during the fill
cycles, there was no evidence, either visual or from temperature
data, that the insulation was damaged or its effectiveness im-
paired. The measured boiloff rate was approximately 22 gal LN

2
per hour and the computer thermal conductivity was 0.014 Btu/h-

££-°F,

Data from strain gages mounted internally on the tank wall
indicated that strains were within expectations during the pres-
sure cycles. Data from gages mounted on the outer surface of
the insulation tended to have large variability, generally going
from large positive values to large negative values during the
different cycles. This is probably a reflection of the con=

siderable movement that obviously occurred due to the lowering
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of the pressure and partial condensation of the freon gas in

the foam.
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1. INTRODUCTION

A test has been performed in which a 5400-gal RIFT-model
tank insulated with sprayed-on polyurethane foam has been
subjected to five fill-and-drain cycles with liquid nitrogen.
Temperatures were measured at several depths in the 2-in.-thick
foam and strain was measured during pressurization cycles with
the tank filled with liquid nitrogen. The ability of the insula-
tion to withstand repeated thermal cycles without serious loss
of effectiveness was then evaluated.

The insulation system consisted of a 2-in.-thick layer
of CPR 385-2 polyurethane foam enclosed in glass cloth impreg-
nated with Narmco 7343 urethane adhesive and overcoated with
Staco No. 1024 white epoxy enamel. This insulation system had
been selected on the basis of an irradiation test previously
conducted at General Dynamics. The irradiation of a tank (30-
in. cube) containing liquid hydrogen verified the radiation
stability of the foam. The following is a summary of results
taken from Reference 1:

A tank (Cube B) insulated with urethane spray foam

(CPR 385-2) has been irradiated while filled with

liquid hydrogen, subjected to six l1-h postirradiation

acoustic vibration tests while filled with liquid

nitrogen, and finally given nine thermal cycles with

liguid hydrogen. The irradiation was made with the
Ground Test Reactor with the maximum exposure to the
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insulation being a gamma dose of 2 X 1010 ergs/g(C)

and a neutron fluence of 2.3 x 106 n/cm? (E >1.0

MeV). The principal results were:

. Nb detonations occurred during this test; this

IS in contrast with the earlier Cube A experiment
during which two detonations occurred in the cork-
board insulation of that tank.

. The tank withstood the irradiation and postirradia-

tion tests with a probable maximum increase of 35%
in the thermal conductivity of the insulation
system.

. Separation of the vapor barrier from the foam

insulation was observed at one of the faces ex-
posed directly to the acoustic horn after the
third LHy cycle following the irradiation and
acoustic vibration tests, Post-test examination
also revealed damage to the foam insulation and
separation of a small section from the aluminum
tank on same face.

The radiation exposure to the insulation in the Cube B test
exceeded by more than a decade that predicted at the bottom of
the propellant tank in ten missions of the Reusable Nuclear
Shuttle utilizing a 1575-MW NERVA (Ref. 2). Radiation damage
to the insulation, per se> was therefore not of prime concern,
but some question remained as to the ability of the foam to
adhere to the tank under thermal cycling. Under the conditions
of this test, at least, this does not appear to be a problem.

This work was conducted at the Nuclear Aerospace Research
Facility (NARF) operated by the Fort Worth operation of the

Convair Aerospace Division of General Dynamics for the George C.
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Marshall Space Flight Center of the National Aeronautics and
Space Administration under Contract NAS8-18024. Under Contract
NAS8-18024, the Fort Worth operation has performed numerous
radiation effects experiments on organic materials and thermal
insulations as a part of the technology program supporting the

development of a nuclear rocket vehicle.
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IT1. DESCRIPTION O TEST

2.1 Test Article

The insulation material under evaluation consisted of
Upjohn CPR 385-2 polyurethane foam enclosed in glass cloth.

A 2-in.-thick layer of foam was sprayed on the tank and enclosed
in two layers of No. 16 glass cloth impregnated with Narmco 7343
urethane adhesive. The glass cloth was overcoated with a
thermal-control coating of Staco No. 1024 white epoxy enamel
(Stabler Paint Mfg. Co.).

The insulated and instrumented tank was supplied by NASA-
MSFC. The 5400-gal tank is 9 ft in diameter and slightly over
15 ft in length. The tank material is 0.25-in,-thick 5456-H321
aluminum. It was mounted vertically in a four-column stand
just south of the Irradiated Materials Laboratory (IML) (Fig. 1).
The plumbing (Fig. 2) consisted of liquid nitrogen fill and
gravity-drain line and gaseous nitrogen vent and relief lines
with pressure gages.

2.2 Instrumentation

Strain gages were mounted along four lines running from
top to bottom along the tank wall. As viewed from above, the
lines were spaced 90° apart and CCW numbered 1, II, III, and

IV. The gages were mounted in biaxial pairs, one horizontal and
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one vertical, at station locations corresponding to inches above
the tank base. The gages were Budd Metalfilm Type S-740, tem-
perature compensated for magnesium alloy with an expansion co-
efficient of 15 ppm/°F, and having a gage factor of 2.65 at 75°F
and resistance of 281.3 £2 ohms. Eight strain gage pairs were
mounted on the tank inner surface and eight pairs on the insula-
tion outer surface just under the glass fabric. Strain gage
measurements were made by recording of the strain gage d.c.
voltage and the d.c. voltage drop across a standard resistor as
measured with a digital voltmeter.

Copper-constantan thermocouples were mounted along the above
lines at various locations. The couples were made of 10-mil wire
with 32-mil leads. In addition to single thermocouples along
line 1T at the tank and insulation interface (0-in. level), sets
of nine tempered thermocouples were embedded to different depths
in the insulation at four locations. The nine thermocouples in
each of these four sets were arranged in two groups and positioned
as illustrated in Figures 3 and 4. The tempering methods were
such that one group had a constant length ( - 3in.) of T/C wire
embedded at each level (tempering Method A). The other group
had different lengths of embedded T/C wire but all the thermo=
couples were lined upon a direct path through the insulation

(tempering Method B). As indicated in the figures, the embedding
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Figure 3 Thermocouple Arrangement for Tempering Method A

157



o ¢

5
!

IR L ERRIRRRNRN RN

\
\
\\\\\\:;/-Thermocouples
N
\

Foam

%
"

(LSS S

/ /7777777

NN
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levels were 0, 0.5, 1.0, and 1.5 in. for the thermocouples of
tempering Method A and 0.12, 0.5, 1.0, and 1.5 in. for temper-
ing Method B. The single common thermocouple at the 2-in. level,
i.e., the insulation surface, was under the glass fabric.

The locations on the tank of the individual and sets of
thermocouples are given in Table 1. A Brown multipoint tempera-
ture recorder was used for thermocouple readout.

In addition to the strain gages and thermocouples, a cryo-
gen level probe consisting of 18 resistors was installed in the
tank for monitoring the LN, level. The resistors were each
860-870 ohms. Two copper-constantan thermocouples were installed
at the two lowest resistor levels on the probe for verifying
resistor immersion in LN, during calibration of the cryogen
liquid level indication and control panel. The probe resistor
stations and tankage in gallons and percent are given in

Table 2.
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Table 1

THERMOCOUPLE LOCATIONS ON TANK

Line 4 12 24 36 48 60 72 96 120 144 168
| 9
11
111
Table 2

SENSOR LOCATIONS IN LIQUID LEVEL PROBE

Station Quantity . Station Quantity
(in.) Percent Gal (in.) Percent Gal
12* - - 84 33.8 1830
26 1.0 54 99 45.0 2430
30 1.8 97 124 64.2 3460
38 3.9 211 138 75.0 4050
46 7.0 378 139 75.8 4090
48 8.0 432 140 76.6 4130
54 11.5 621 141 77.4 4180
62 17.2 929 149 83.3 4500
66 20.0 1080 158 89.8 4850

*Reference resistor station

160



III. RESULTS AND DISCUSSION

The insulated tank was subjected to five fill-and-drain
cycles with liquid nitrogen. During each period that the tank
contained liquid nitrogen, the tank was pressurized (by closing
the exhaust valve) and strain measurements were made as a function
of tank pressure up to a maximum of 27 psi. Temperature measure-
ments in the insulation were also made during each fill cycle and
the tank insulation was visually inspected.

Data pertaining to the fill-and-drain cycles are the

following :
Date of Fill Initial Quantity Duration

gal h

2-14-72 4850 46

2-18-72 3400 98

2-24-72 4850 105

3- 6-72 4850

3-14-72 4850 190

3.1 Heat Transfer Data

3.1.1 Temperature Measurements in the Insulation

Data on the temperature gradient through the insulation
were taken at two points on the tank (line II, station 12 and
line 11, station 120) during each of the five fill cycles.
Two sets of thermocouples were used at each point, each set
using different tempering methods. Figures 3 and 4 show the

placement through the insulation and illustrate the two tempering
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methods used. As discussed in the previous section, the place-
ment method using constant tempering length is called tempering
method A, and the placement method using various tempering lengths
is called tempering method B.

Tables 3 through 6 show the temperature gradient data.

Each set of data shown was recorded toward the end of the cycle
when thermal equilibrium appeared to be established. As can be
seen from the temperature values for the same placements from
cycle to cycle there was no significant degradation of the effec-
tiveness of the insulation with time. Although some considerable
variation is noticeable from cycle to cycle in measured values

at placements toward the outside of the insulation, this is be-
lieved to be merely a reflection of the changing ambient condi-
tions.

On the whole, tempering method A appears to be the better
method of thermocouple placement. Figure 5, which is a plot of
measured temperature versus location through the insulation for
cycle 1, station 120, clearly illustrates the superiority of
tempering method A. The radius of the tank wall is so large
that the insulation can be effectively treated as a plane slab
and, assuming homogeniety, the temperature profile through the
slab should therefore be linear. 1t can then be seen how much

more closely the temperatures values measured with thermocouples
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Table 3

TEMPERING METHOD A THERMOCOUPLE DATA, STATION 12

Distance from Temperature (OF)

Tank Wall Fill Cycle
(in.) 1 2 3 4 5
0.0 -308 -308 -312 -310 -312
0.5 -184 -180 -192 -177 -190
1.0 -104 - 97 -114 - 92 -110
15 - 48 -38 -52 =32 =55
2.0 62 78 48 84 62

Table 4

TEMPERING METHOD A THERMOCOUPLE DATA, STATION 120

Distance from Temperature (OF)
Tank Wall Fill Cycle
(in.) 1 2 3 4 5
0.0 -308 -300 -292 -311 -312
0.5 -210 -205 -194 -199 -208
1.0 -105 - 96 -114 - 92 -116
15 - 49 - 96 -114 - 92 -116
2.0 64 82 43 86 60
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Table 5
TEMPERING METHOD B THERMOCOUPLE DATA, STATION 12

Distance from Temperatur

Tank Wall Fill Cycle
(n) 1 2 3 4 5
0.12 -286 -288 -292 -286 -292
0.5 -174 -175 -186 -173 -184
1.0 - 9% - 98 -106 - 8 -102
1.5 - 65 =58 - 78 -54 - 74

Table 6

TEMPERING METHOD B THERMOCOUPLE DATA, STATION 120

Distance from ' Temperature (7F)
Tank Wall
(in.) "1 2 3 4 5
0.12 -286 =296 =296 -295 =296
0.5 -168 -162 -160 -160 -166
1.0 -40 -30 -50 -26 - 52
1.5 -16 - 6 -28 1 - 26
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Figure 5 Typical Results of Temperature Measurements through the

Insulation Using Two Tempering Methods
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placed according to tempering method A approach the theoretical
straight line function than do the temperature values measured
with thermocouples placed according to tempering method B. The
shorter the tempering lengths the greater the departure of
measured values from the theoretically expected values. This
departure is also always in the direction of too high a measured
value, and the overall results are exactly what would be expected
if the tempering lengths of tempering method B were insufficient.

3.1.2 Effective Thermal Conductivity of the Insulation

The surface area of the tank is known, the thickness of
the insulation is known, and the temperature difference across
the insulation has been measured. In order to calculate the
effective thermal conductivity of the tank insulation it is then
only necessary to ascertain the average heat flow into the tank.
Boil-off data were accumulated over a seven day period
after the last cycle, and from these data it was determined that
the average boil-off rate of the liquid nitrogen contents was
approximately 22 gal/h. Assuming that all of the heat entering
the tank was rejected by vaporization of the liquid nitrogen,
it is then possible to estimate the effective thermal conductivity

of the tank insulation by using the equation

_ X
k’AAT
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where k = thermal conductivity in Btu/h-ft-°F

X = thickness of insulation 1/6 ft

Q = heat flow into tank = 12,600 Btu/h

A = surface area of tank = 400 ft?2 (including uninsulated
cop plate and shroud, Fig. 1)

AT = average temperature difference across the insulation

= 3740F
Substitution of values into the equation yields

k = 0.014 Btu/h-ft-°F

which is in general agreement with data from the literature.

3.2 Strain-Gage Data

The RIFT tank strain measurements were made by the voltage-
ratio technique. This technique is based on the principle that
the ratio of the individual voltage drops across two resistors
in series is independent of power supply variations, thus elimi-
nating variations in the input power as a source of error.

The strain gage equation is expressed as

R

eF = R (1)
where F = gage factor (2.65 for gages used)
R = resistance of strain gage at zero strain
AR = change in resistance of Strain gage due to strain

m
]

strain
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Using the voltage ratio technique with Ry constant, Equa-
tion I may be expressed in terms of the voltage ratios at zero
(0) strain, ERS(O)/ERG(O), and the voltage ratios at a value of

strain, ERG(P)/ERS(P)- With the ratio substitutions, Equation 1

becomes

1 (ERG<P> ERS(O)>

F [\Erg(P) ~ Epg(0) (2)

Figures 6 and 7 are typical plots showing the relationship
between strain and pressure build-up inside the tank. The slopes
of the strain-pressure plots showed deviations from the average
of up to +15% for station 56 and 6% for station 90 over the
five thermal cycles. The deviations in slope were apparently
due to creeping, which was more apparent during some cycles than
others because of the greater lapse of time between data points.
Overall, the data did not indicate strains sufficient to struc-
turally damage to the tank.

The output from strain gages located on the outer surface
of the insulation showed large variations within a pressurization
cycle and also between cycles. Strains varied from large posi-
tive values to large negative values at various times with no
consistency with tank pressure. This probably reflects the

shifting of the foam and the cloth fiber coating as evidenced
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by the wrinkling of the surface. These movements may have been
sufficient to exceed the gage'limits or cause failure of the
bonding.

3.3 Visual Appearance of Insulation

With liquid nitrogen in the tank, the glass fabric cover
over the foam insulation became wrinkled and puckered. Figures
8, 9, and 10 are views of the tank during the third fill cycle.
The appearance was essentially the same during all five cycles.
No serious deterioration of the insulation or coating was evi-
dent. After completion of the test, the coating retained slight
creases at the locations of the deeper wrinkles. However, there
was no visual indication of insulation separation from the tank

or other deterioration.
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Figure 8 View of Insulation Surface During Third Fill Cycle
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